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Abstract

This final report presents results from the analysis of satellite radar data collected over
the geothermal fields in the Imperial Valley, Southern California. Interferometric syn-
thetic aperture radar (InNSAR) techniques were used to detect surface deformation
caused by geothermal fluid extraction. The data used were from the Canadian RADAR-
SAT, European ENVISAT, and the Japanese ALOS satellites. Shorter wavelength (5.6 cm,
so-called C-band) is used by the SAR instruments on the first two satellites, and a longer
wavelength (23.6 cm, L-band) is used on the third satellite. The conventional INSAR me-
thod for identifying surface displacements is differential INSAR. When applied to C-
band data, differential INSAR is only effective in relatively dry and non-vegetated areas,
because short wavelengths do not penetrate vegetation effectively. For this reason, due
to the agricultural fields covering some of the geothermal fields in Imperial Valley, the
project focused on using newer InSAR techniques, such as PSI (permanent scatterers in-
terferometry) and (small-baseline subsets), that were expected to work better with short-
wavelength (C-band) data over vegetated areas. The results from the application of a
specific PSI technique, PSINSAR™, to the RADARSAT C-band data are in very good
agreement with ground-based leveling measurements provided by CalEnergy for the
Salton Sea geothermal field. Since longer wavelengths (L-band) are expected to pene-
trate vegetation, conventional differential INSAR was used with the ALOS L-band data.
However, signals were detected only in geothermal fields not covered with vegetation.
In view of these results, the PSI approach is strongly recommended for future monitor-
ing of subsidence in the vegetated areas of Imperial Valley. PSI has the potential for cost-
effective multi-temporal coverage (up to ~10 times per year), providing information on
both the vertical and horizontal components of deformation, whereas the leveling sur-
veys capture only vertical movements, and only once per year.

Keywords: Subsidence, geothermal, INSAR, permanent scatterers, radar interferometry,
surface deformation, Salton Sea, environmental impact, mitigation, Imperial Valley, Im-
perial County, Southern California
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Executive Summary

Introduction

Satellite interferometric synthetic aperture radar techniques have been known for some
time now to be very effective in detecting surface deformation. Synthetic aperture radar
imagery used for this purpose has included short-wavelength data (~5.6 cm, or C-band)
from the European satellites ERS-1, ERS-2 and ENVISAT, and from the Canadian satel-
lite RADARSAT-1. Longer wavelength data from the Japanese satellites JERS-1 and
ALQOS (~23.6 cm, or L-band) have also been used. This is a remote sensing technique
that uses radar satellite images. Radar satellites such as Ees-1, Ees-2, JERS-1, and so
forth, constantly shoot beams of radar waves towards Earth that are documented after
they’re bounced off Earth’s surface. As these waves bounce off Earth they provide in-
formation that can be used to obtain elevation or surface change.

The first conventional method developed for detection of surface deformation was diffe-
rential interferometric synthetic aperture radar. In ideal conditions this type of satellite
imagery is very sensitive and can detect changes at a very small scale to within a milli-
meter. If shorter-wavelength (C-band) data are used, differential interferometric synthet-
ic aperture radar works only in relatively dry, non-vegetated areas. The longer wave-
length (L-band) is expected to penetrate vegetation better, so L-band differential interfe-
rometric synthetic aperture radar offers greater hope for vegetated areas.

Recent advances in interferometric synthetic aperture radar resort to so-called permanent
or persistent scatterers, hence these techniques are known as persistent scatters interfero-
metry. The persistent scatterer points are usually man-made structures or exposed rocks
that can be often identified even amidst vegetation. Thus compared with conventional
differential interferometric synthetic aperture radar, the persistent scatters interferome-
try approach has much greater potential to extract information in vegetated areas, even
when shorter-wavelength (C-band) data are used. The persistent scatters interferometry
techniques make use of time series of synthetic aperture radar scenes to extract time se-
ries of surface deformation at the locations of the persistent scatters points. Deformation
velocities, or deformation rates, can be further calculated from these observations (for
example, in millimeters or centimeters per year). In ideal conditions, the persistent scat-
ters interferometry estimates of deformation rates can achieve precision < 0.1 mm/year.

Other interferometric synthetic aperture radar innovations include the small baseline
subsets techniques that may be also more effective in areas where conventional differen-
tial interferometric synthetic aperture radar fails.

The surface deformation detected by any interferometric synthetic aperture radar tech-
nique is first measured in the line of sight direction (line of sight to the satellite). Know-
ledge of the satellite orbit geometry, and especially when data from both descending

and ascending orbits are available (instead of, satellite flies it the north- south or south-



north direction, respectively), makes it possible to infer vertical and horizontal compo-
nents of the surface displacements.

Geothermal fluid extraction, that is, the associated injection and production, can and do
result in surface changes or displacement. The surface displacements can be both vertic-
al and horizontal. The vertical components can be uplift or sinking. Due to fluid extrac-
tion in geothermal areas, sinking is of primary concern. The currently operating geo-
thermal fields in the Imperial Valley of Southern California (Salton Sea, Heber, and East
Mesa) are no exception. Annual leveling measurements designed to capture the vertical
movements (mostly settling) are conducted by the operators of these fields, CalEnergy
and Ormat. Although measures are taken to reduce the possible environmental impact
of surface changes, the intended increase of geothermal capacity in the near future may
result in a larger effect on the surface. Thus it is important to devise precise and cost-
effective tools to monitor changes that go beyond the conventional ground-based leve-
ling surveys. In this respect, interferometric synthetic aperture radar presents important
opportunities in principle, but the extensive presence of agriculture in the area has been
so far a deterrent to any routine applications using satellite data. This project looked to
verify if any of the newer interferometric synthetic aperture radar techniques might
yield results comparable with the measurements from the leveling surveys, and possibly
even surpassing them. The results of this study unequivocally demonstrate that the PSI
techniques are effective in this agricultural area and represent a viable tool to be exten-
sively used in the future.

Purpose

This project was to find out if satellite synthetic aperture interferometry can be useful for
the detection of surface changes resulting from the operation of the geothermal fields in
the Imperial Valley of Southern California. This project is particularly important because
planned increase in geothermal capacity in the area may require more attention to the
potential environmental impact of the extraction of geothermal fluids and more aggres-
sive mitigation efforts.

Project Objectives

Conventional differential interferometric synthetic aperture radar applied to short-
wavelength C-band satellite synthetic aperture radar data was not expected to work in
the geothermal fields covered by vegetation, so the focus was on evaluating the perfor-
mance of more advanced techniques, such as persistent scatterers interferometry and
small-baseline subsets. The differential interferometric synthetic aperture radar ap-
proach was used only with the longer-wavelength L-band data, which, unlike C-band,
can penetrate vegetation. Comparisons with ground-based leveling measurements pro-
vided by the geothermal operators were used as the criteria to evaluate the outcome of
the applications of the interferometric synthetic aperture radar techniques. In addition,
the availability of satellite data from both ascending and descending orbits made it poss-
ible to detect both vertical and horizontal surface movements, while the ground-based



leveling surveys capture only vertical movements. Furthermore, comparisons with re-
gional global positioning system measurements could be used to note tectonic changes
in the geothermal fields.

Project Outcomes

The best results were obtained from the application of specific persistent scatterers inter-
ferometry technique; persistent scatterers interferometric synthetic aperture radar, to C-
band RADARSAT-1 data collected over the Salton Sea geothermal field during a two-
year period (2006-2008). A total of 39 scenes were analyzed from both ascending (18)
and descending (21) orbits, each providing ~10 measurements per year on average. Dur-
ing that same period, CalEnergy had two leveling surveys in the field at 79 benchmarks.
Benchmarks are typically placed and maintained at various locations by the government
or survey forms and are used to mark the exact elevation of a location. Leveling is the
processes by which one determines the difference in elevation at two different bench-
mark locations. Several thousand persistent scatterers points were identified, at which
the surface change rates were determined first in the line-of-sight direction (line-of-sight
to the satellite), and then they were decomposed into vertical and west-east horizontal
directions (or components). This was possible because the descending geometry of RA-
DARSAT-1 was similarly sensitive to both components, while the ascending geometry
was significantly more sensitive to the vertical than to the horizontal component. The
persistent scatterers deformation rates within the vicinity of the 79 locations used by Ca-
IEnergy showed a very good agreement with the leveling measurements.

Furthermore, regional global positioning system measurements were used to infer
marked tectonic movements, with significantly larger horizontal than vertical compo-
nents. These tectonic movements represent the background on which sinking caused by
geothermal fluid extraction are superimposed.

This analysis also made it possible to evaluate the assumption that a reference leveling
benchmark, 5-1246, used by CalEnergy in its leveling surveys in the Salton Sea geother-
mal field, does not move. For comparison, that same location was used as a reference for
the PSI satellite measurements. However, the analysis performed in this project strongly
indicates that this point actually subsides. Thus an observed uplift in some portions of
the field was suggested to actually be settling occurring more slowly than the down-
ward movement of leveling benchmark number S-1246.

Results from the application of another persistent scatterer interferometry technique and
small-baseline subsets to the C-band data from the European Space Agency Environ-
mental Satellite were more ambiguous. However, this was attributed to complexities
and deficiencies of the application and not to intrinsic inferiority of either the type of
synthetic aperture radar data or the particular persistent scatterer interferometry me-
thods used in that case. Compared with the RADARSAT-1 data used in this project, the
European Space Agency Environmental Satellite data covered a longer period, starting



in 2003, and continue to be collected over the Imperial Valley. They are also available
from both ascending and descending orbits. Thus these data are recommended to use in
future monitoring for surface changes resulting from geothermal extraction activities.

Since longer wavelengths are much likelier to penetrate vegetation than C-band, conven-
tional differential interferometric synthetic aperture radar was applied to longer wave-
length Advanced Land Observing Satellite data, also available from descending and as-
cending orbits. No signal was observed in the geothermal fields covered by heavy vege-
tation (Salton Sea and Heber), just as would be the case with shorter wavelength C-band.
However, settling was evident in two other geothermal fields in the region — East Mesa
in a non-vegetated area of the Imperial Valley, and Cerro Prieto in Mexico, to the south
of the three U.S. fields.

Conclusions

This project proved the value of the persistent scatterer interferometry approach as a
cost-effective tool to detect surface changes caused by geothermal extraction amidst ex-
tensive agricultural fields. The frequency of collection of synthetic aperture radar data
largely exceeds that of the annual leveling surveys currently conducted in the geother-
mal fields of the Imperial Valley. Thus satellite synthetic aperture radar data can be ef-
fectively used for future monitoring of surface changes.

Recommendations

The routine future use of persistent scatterer interferometry deformation monitoring is
strongly recommended for the geothermal fields of the Imperial Valley in Southern Cali-
fornia. It may be possible to use persistent scatterer interferometry as stand-alone tech-
niques or in conjunction with leveling and/or global positioning system measurements
for verification purposes. If monitoring is desired in areas that do not have persistent
scatterer points at present, corner reflectors could be installed in those areas for the pur-
pose of future deformation monitoring. Furthermore, the use of the current reference
leveling benchmark, 5-1246, in the Salton Sea geothermal field could be reconsidered, as
this study established that it is not really motionless. Although a true motionless refer-
ence location is not likely to be found, a location next to one of the regional global posi-
tioning system stations (Benchmark Number P507), which is the closest to the field, may
be more suitable, because the amount of its movement would be known. Currently, one
of CalEnergy’s leveling benchmarks, RED-1, is installed in the proximity of P507 and
thus could be adopted as a future reference point.

Benefits to California

It has been known for some time now that differential interferometric synthetic aperture
radar is a very good and cost-effective technique to monitor large areas for surface de-
formation. However, its applications were restricted to relatively dry and non-vegetated
areas. The results of this study demonstrate that another interferometric synthetic aper-
ture radar approach, persistent scatterer interferometry, can effectively detect deforma-



tion also in agricultural areas. Thus, this study is beneficial to the planning of deforma-
tion monitoring in any other geothermal fields in California, and in particular fields
amidst vegetation, that might have been so far considered out of reach of interferometric
synthetic aperture radar. Since good results were obtained in a challenging agricultural
area, such as the Salton Sea geothermal field, it is reasonable to assume that most fields
in vegetated areas can greatly benefit from the application of similar persistent scatterer
interferometry techniques.



1.0 Introduction

SAR interferometry has been successfully used to identify and measure surface deforma-
tion from a variety of natural and man-made causes, such as regional tectonic changes,
earthquakes and water withdrawal. This project investigated the possibility to apply
SAR interferometry techniques to detect surface deformation, mostly subsidence, asso-
ciated with the geothermal fields in the Imperial Valley, California.

1.1. Subsidence Due to Geothermal Field Exploitation

Abundant field evidence shows that geothermal reservoir deformation can propagate to
the surface and cause vertical and even horizontal displacements (Narasimhan and
Goyal 1984). These displacements have important implications both for the local envi-
ronment and the continued successful exploitation of the fields.

A geothermal project typically involves the extraction of steam and/or hot water to pro-
duce electricity, as well as for direct use. Due to environmental concerns (e.g. subsi-
dence, groundwater pollution, etc.), the spent fluids are usually injected back into the
geothermal reservoir. However, operational factors dictate that only a fraction of the ex-
tracted fluid is used for injection, ranging from a low of 20% for steam reservoirs to a
high of 80% for hot water reservoirs. Thus, in most cases the operation of geothermal
tields is associated with a net fluid withdrawal, generally resulting in a fluid pressure
drop. The re-injection of spent fluid is also accompanied by a temperature drop in at
least part of the reservoir. Thus changes in reservoir fluid content, reservoir fluid pres-
sure, and formation temperature are the three main factors causing a redistribution of
the stress and strain fields in the geothermal reservoir and the surrounding formations.
One of the possible consequences of this redistribution is surface subsidence.

Although subsidence rates of tens of centimeters per year are encountered in some fields
(e.g., 45 cm/yr at Wairakei, New Zealand), geothermally induced subsidence typically
has annual rates in the centimeter range. For example, subsidence of 47-48 mm/yr was
measured using leveling and GPS surveys in The Geysers in Northern California (Mos-
sop and Segall 1997). However, even modest subsidence can have far reaching conse-
quences, especially if the geothermal operations take place near agricultural fields, as in
the Imperial Valley.

Deformation accompanying reservoir depletion may also activate movements along pre-
existing faults, leading to seismicity (e.g., Narasimhan and Goyal 1984). Microseismic
activity associated with production and injection has been documented for a number of
geothermal fields, such as the Cerro Prieto field (Glowacka and Nava 1996) just south of
the region studied in this project. Seismic activity near Salton Sea in 2005 has also been
suggested by some to be attributable to geothermal extraction. However, the most de-
tailed study of this swarm by Lohman and McGuire (2007) does not make such a con-
nection.



1.2. Geothermal Fields in the Imperial Valley

Geothermal power generation in the Imperial Valley began in 1979. The currently active
geothermal fields in the Imperial Valley are the Salton Sea, Heber, and East Mesa (Figure
1-1), with a total existing capacity of 538 Mega watts (MW). However, the remaining
geothermal potential of the area is estimated at 2,025 MW (PIER Geothermal Database -
GeothermEx 2004). The whole region is characterized by a high heat flow, at > 100
mW/m? (Lachenbruch et al. 1985). The hot underground reservoirs likely originated ~4
to 6 million years ago when the peninsula of Baja California separated from the main-
land of Mexico and hot mantle material flowed to the shallower levels where the crust
thinned along the system of faults now known as the San Andreas (Elders and Sass
1988).

The Salton Sea geothermal field (SSGF), operated by CalEnergy, Inc., is located on the
southern end of the Salton Sea and is the largest in the Imperial Valley. The SSGF is also
the hottest in the Imperial Valley and one of the hottest water-dominated systems in the
world (260° C to 320° C water at 700-1000 m depth). Temperature measured in wells
reach ~350°C by ~2 km depth (Hulen and Pulka 2001). The thermal gradients are very
high, rising across the area from near regional (0.09°C/m) to extreme (0.8°C/m). The re-
servoir fluid is also characterized by very high salinity. Based on heat flow studies in a
series of shallow and deep wells, the field has been described as an elongated area about
4 km wide and 12 km long. The SSGF power generating plants have a total capacity of
about 350 MW. One of the SSGF production wells is the largest in the Imperial Valley
and is capable of producing 990x10° kg/hr of fluid (Boardman 1998). The remaining po-
tential of the filed is estimated at 1,400 MW.

The Heber geothermal field (HGF), owned and operated by ORMAT Nevada, Inc., is lo-
cated about 8 km south of El Centro, California, and just south of Heber, California, in
the southernmost part of the Imperial Valley. The reservoir ranges in depth from 610 to
1830 m and produces a moderate-temperature (180°C), low-salinity fluid (Boardman
1998). Reservoir modeling studies (Analysis of Potential Surface Subsidence and Uplift,
1992) were used to design a system of alternating injection and production wells to con-
trol reservoir fluid pressure and thus minimize subsidence. Part of the field subsides
while another part appears to rise. The HGF electrical generating plants are with a total
capacity of 115 MW, while the estimated remaining potential is 27 MW.

The East Mesa geothermal field (EMGEF) is also operated by ORMAT Nevada, Inc. Unlike
the two previous fields, it is on federal land in the eastern part of the Imperial Valley, 24
km east of El Centro. The reservoir is water-dominated, at depths between 1830 m and
2280 m, and with temperatures in the range 145°C to 180°C (Boardman 1998). The EMGF
plants have a capacity of 73 MW, with a remaining potential of 75 MW.



1.3. Sources of Surface Deformation in the Imperial Valley

The subject of this report is surface deformation possibly associated with the geothermal
fields in the Imperial Valley. The operation of these geothermal fields is indeed asso-
ciated with such deformation, and there are concerns that with increased production in

the near
future, subsidence may become a larger problem than it has been so far. In this connec-

tion, the geothermal companies in the Imperial Valley are obligated to carry out annual

a

Figure 1-1. Two satellite images showing study area (ASTER VNIR Level 1B). Red indicates vegetation
(RGB representation: R is centered at 0.807 mm, G at 0.661 mm, and B at 0.556, i.e. ASTER bands 3, 2, and 1,
respectively). The three geothermal fields are marked as follows: SSGF (Salton Sea), EMGF (East Mesa), and
HGF (Heber). Green outlines mark production areas. White outlines mark known geothermal resource areas
(KGRAS). (a) Northern part of study area. (b) Southern part of study area. Brown line marks national border.
Note different agricultural pattern in the US compared with Mexico.

Source:
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Figure 1-1. Continued (b).

geodetic surveys and to report their results to the Imperial County/Surveying & Engineer-
ing Department and the California Department of Conservation/Division of Oil, Gas and Geo-
thermal Resources (DOGGR). Leveling data from these surveys and related reports have
been made available to this project. To minimize direct effects on agriculture, the pro-
duction and injection wells are located in drilling islands so that some of the wells are
drilled directionally under farm fields (Signorotti and Hunter 1992).

It is important to understand that there exist other sources of subsidence in the vicinities
of the geothermal fields. Elsewhere in the world, subsidence from underground water
pumping is very widespread. However, groundwater in the Imperial Valley is too saline
for irrigation and most other uses, so water from Colorado River is primarily used. Still,



Mellors and Boisvert (2003) used SAR interferometry to show subsidence due to water
pumping from wells on a farmland near the Coyote Creek Fault, apparently drawing
water from a shallow aquifer with lower salinity. It is not known if more water extrac-
tion of this kind is going on in the Imperial Valley.

A more important source of deformation in the Imperial Valley is tectonic activity. This
region is characterized by active faulting and rifting, crustal extension and thinning,
magmatism, regional subsidence, and sedimentation. Several prominent tectonic fea-
tures are encountered in the region, each contributing to its complex environment. The
Salton Trough is a broad structural depression between the San Andreas and San Jacinto
faults, extending northwest from the Gulf of California. This rift zone created a desert
basin, bounded by mountains and overlain by sediments up to 6 km thick. The local tec-
tonic setting is transitional from the extensional tectonics of the Gulf of California to the
transform tectonics of the San Andreas Fault System (e.g., Sturz et al. 1998).

Furthermore, seismicity is pronounced and occurs on both major faults and cross-faults
in the area (Petersen et al. 1991; Magistrale 2002). Several seismically active, mostly
right-lateral strike-slip faults, transect the area (Figure 1-2). The southern stretch of the
well-known San Andreas Fault Zone, with a slip rate of up to 493 mm/yr (Bennett et al.
1996), approaches the region from the northwest. Data from the Southern California GPS
network (http://www.scign.org ) show an east-west gradient in the plate motion vectors
west of the San Andreas and suggest considerable strain in the region. Two large earth-
quakes in 1940 and 1979, Mw6.9 and Mw6.4 respectively, ruptured the Imperial Fault
Zone. Its average slip rate has been estimated at 15 to 20 mm/yr (Peterson and Wesn-
ousky 1994) and at 352 mm/yr (Bennett et al. 1996). To the north, the Brawley Fault
Zone is known for its complexity, high heat flow, and thin crust. Along with a rapid slip
rate, these factors contribute to earthquake swarms and probably aseismic creep. A 1975
swarm of events (Johnson and Hadley 1976) with magnitudes below 5.0 left a surface
trace exceeding 10-km length, with a maximum vertical displacement of 20 cm. Another
notable fault, the Superstition Hills Fault, was ruptured by a 1987 Mw6.6 event, produc-
ing a 50-cm offset within the first day, and up to 1-m total offset in the months to follow.
This event also ruptured a nearby fault and triggered slip on the Imperial, San Andreas,
and Coyote Creek faults. The Coyote Creek fault is one of the southern strands of the
San Jacinto Fault and was last ruptured by a 1968 Mw6.5 event (Borego Mountain earth-
quake). Further to the south, the Cerro Prieto Fault Zone in Mexico accumulates a total
slip of 42+1 mm/yr (Bennett et al. 1996) and last ruptured in 1934.

A recent swarm of more than a thousand earthquakes occurred in August 2005 very
close to the Salton Sea geothermal field (Figure 1-3). The maximum magnitude was
MB5.1. The swarm occurred at the Obsidian Buttes, near the southern San Andreas Fault
and has been investigated in detail by Lohman and McGuire (2007). They found that the
swarm activity can explain only 20% of the geodetically observed deformation in the re-
gion, and suggested that aseismic fault slip was the primary process driving this seismic
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activity. The authors used models of earthquake triggering by aseismic creep to explain
both the time history of the seismicity and a migration velocity of about 1 km/h exhi-
bited by this and several other earthquake swarms (in 1966, 1975, and 1981) in the Salton
Trough.
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Figure 1-2. Map of the western U.S.-Mexico border region. Adapted from the SCEC map “Faults in Cali-
fornia/Southern Region” (http://www.data.scec.org/faults/faultmap.html). Geothermal fields and their
names are marked in light orange: SSGF — Salton Sea; HGF — Heber; EMGF — East Mesa; and CPGF —
Cerro Prieto. Areas of subsidence from underground water withdrawal and their names are marked in
light green - filled pattern for known areas (Temecula), checkered pattern for suspected areas (Tijuana
and Mexicali). Fault names are marked in white: SAFZ — San Andreas Fault Zone; IFZ — Imperial Fault
Zone; CPF — Cerro Prieto Fault; EFZ — Elsinore Fault Zone; CCF — Coyote Creek Fault; SHF — Supersti-
tion Hills Fault; BFZ — Brawley Fault Zone; and BSZ — Brawley Seismic Zone.

Source: ?
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BSZ

Figure 1-3. The epicenter location of the 2005 M5.1 earthquake shown on an ASTER optical image. Red areas
show vegetation. Yellow and blue outlines show the known geothermal resource and the production areas of
the Salton Sea geothermal field (SSGF), respectively. Black line marks the Brawley seismic zone (BSZ).
Source: ?

The latest earthquake swarm in the area started in late March 2009 near Bombay Beach
on the east side of Salton Sea, with the largest magnitude of M4.8. More than 460 events
have been recorded. The swarm continues at time of writing. A 4-D representation can
be seen at http://www.youtube.com/watch?v=cA]n8lmPEuw&feature=channel page.

It is noteworthy that the southernmost portion of the San Andreas fault, which is in the
area of the Salton Sea is assumed to be ripe for a large earthquake (Fialko 2006).

Other sources for surface deformation in the Imperial Valley are irrigation of the exten-
sive agricultural fields in the area and soil compaction. This area is one of the leading
agricultural areas in California. The climate of Southern California contributes to year-
round agricultural activities in the region. Water for irrigation comes from Colorado
River, supplying water for about 500,000 acres of farm land. The level of the Salton Sea is
sustained by an inflow of municipal and industrial drainage, as well as the agricultural
irrigation drainage.

1.4. SAR Interferometry — Definitions and Techniques

The strong points of any radar include day-and-night and all-weather capabilities, none
of which are possible for optical systems. Unlike the point geodetic measurements using
traditional, ground-based methods, radar observations from a flying platform can pro-
vide semi-continuous spatial coverage, and the possibility of frequent monitoring (e.g.,
every 35 days for the European satellites).
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A brief review is provided here of synthetic aperture radar (SAR), platforms with SAR
instruments on board, and interferometric SAR (InSAR) and related techniques, starting
with simplified explanation of terminology and proceeding to more details. “Aperture”
relates to the size of the radar antenna on a platform. The platform is generally a satellite
or an airplane. The aperture would have to be physically rather large in order to achieve
acceptable measurement resolution. Instead, radar data are processed in such a way that
advantage is taken of the motion of the platform that carries the radar instrument.
Hence, a large aperture is “synthesized.” For example, the physical size of the antenna
on the European satellites is ~10 m, but the synthesized antenna is equivalent to a 4-km
aperture. If SAR data are collected at two different times, the two images can be com-
pared to create an interferogram (hence, InSAR), in which topography and surface dis-
placement (if any) show up as phase differences in the form of fringe patterns. Compar-
ing two interferograms makes it further possible to exclude topography and estimate
only surface deformation, which is the subject of differential InSAR (Diff InSAR or DIn-
SAR). Thus, InNSAR is generally used to measure topography and DInSAR is used to
measure surface displacements (e.g., from earthquakes, volcanoes, land subsidence), al-
though the term “InSAR” is often used generically in both cases. The InNSAR and DIn-
SAR techniques have been discussed in many publications (e.g., Blirgmann et al. 2000;
Rosen et al. 2000; Massonnet and Feigl 1998; Jakowatz et al. 1996; Zebker et al. 1994). The
effect of topography can be removed from the interferograms either by using a digital
elevation model (DEM) or interferometric pairs with a known absence of surface change.
Thus surface deformation associated with subsidence, for example, can be measured
from radar images taken at two different times, together with either a third image (e.g.,
Zebker et al. 1994) or a digital elevation model (DEM) to account for topography. These
are known as three- and two-pass differential interferometry, respectively.

Several letters are commonly used in remote sensing to indicate different wavelengths.
In connection to SAR, the most popular wave bands are P (wavelength ~1 m), L (~1/4 m),
C (~5-6 cm), X (~3 cm), and Ku (~2 cm). The longer the wavelength, the likelier it is to
penetrate vegetation, but the vertical resolution of the displacement measurements gen-
erally decreases with wavelength.

Table 1-1 shows details of past, current, and planned satellite missions with SAR in-
struments on board. ERS-1/2 and ENVISAT are European, RADARSAT-1/2 are Cana-
dian, and JERS-1 and ALOS are Japanese satellites. Side-looking spaceborne synthetic
aperture radar maps a continuous swath as the satellite moves along its orbit track. Both
the amplitude and phase of the radar echoes are measured, as they come from indepen-
dent patches on the ground, a few to tens of meters in size. The size of these pixels and
their combination (so-called “multilooking”) determines the spatial resolution of the ra-
dar, as shown in the last column of Table 1-1. Initially, due to more precise knowledge of
the ERS orbits (Scharroo et al. 1998), most InSAR studies were using SAR data from ERS-
1 and ERS-2, succeeded by ENVISAT. ERS-2 ceased to be useful for differential interfe-
rometry after January 2001. RADARSAT-1 data were not good for DINSAR earlier but

13



became suitable after the fall of 2000. ERS, ENVISAT and RADARSAT all use the C-
band (5.6-cm wavelength, ~5 GHz radar frequency). This wavelength does not penetrate
vegetation efficiently because it is comparable with the predominant size of tree leaves.
The old Japanese JERS-1 and the new ALOS use wavelengths (23.6 cm, radar frequency
~1.3 GHz) that penetrate vegetation better than the C-band. Thus the C-band is more
prone to temporal decorrelation (i.e., incoherent changes over time) than the L-band
and, at least for conventional DINSAR, works best for relatively arid regions, uncompli-
cated topography, and urban areas.

Table 1-1. Parameters of satellites with SAR capabilities

Time of Fre Polari- | Cycle Alti- Look Swath Resolu-

Satellite Operation/ B g. h ycle, tude, Angle, Width, .
and | zation days tion, m

Launch km deg km
ERS-1 1991-2000 C VV 35(3) ~785 23 100 ~25
ERS-2 1995-present C VvV 35 ~785 23 100 ~25
ENVISAT 2002-present C HH/VV 35 ~800 14-45 56-405 25-1000
RADARSAT-1 1995-present C HH 24 ~800 10-59 50-500 ~8-100
RADARSAT-2 | 2007-present C multi 24 (3) ~800 10-59 10-527 ~3-100
JERS-1 1992-1998 L HH 44 ~580 35 75 ~18
ALOS 2006-present L multi 46 (2) ~690 10-50 70-360 10-100

Source:?

The airborne SAR instruments date back to the 50’s, starting from the military and mov-
ing onto the commercial area. Commercialization of traditionally military airborne SAR
applications has been slow, due to lack of understanding of its possible benefits, and
costs associated with building the SAR instruments (e.g., Erwin 2001). Jakowatz et al
(1996) give details on airborne SAR.

In DInSAR, the spatial resolution is the same as that in the topographic measurements,
but the vertical resolution is by orders of magnitude better. The spaceborne version is
known to be capable of identifying sub-centimeter surface displacements with a mm-
precision. Airborne DINSAR used to be considered unsuitable for detection of surface
deformation, because due to atmospheric winds airplane trajectories could not be de-
termined as accurately as satellite orbits. However, nowadays airborne DINSAR is quite
applicable to detection of surface displacement, even though it has remained largely un-
tapped in this respect. Airborne DInNSAR would not improve on the already very high
precision of detection of vertical displacements from satellites but can provide much bet-
ter spatial resolution. The key technology developments in the last decade that make this
possible are as follows: (1) greatly improved navigation systems that enable the airborne
platform to fly the same course multiple times; (2) adaptive algorithms that make it
possible to estimate any registration and stretching corrections necessary to achieve the
high correlation required for coherent exploitation of image pairs; and (3) readily availa-
ble high-quality SAR imagery and the ability to control the collection of the appropriate
image pairs.

There exist a number of airborne SAR systems. An example of recent advances is the
Lynx system resulting (Burroughs 1999) from collaboration between Sandia National Lab
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and General Atomics. It is a very advanced, fine-resolution, and lightweight SAR system,
designed to be mounted on both manned and unmanned (e.g., Predator) aerial vehicles.
The operating frequency is 16.7 GHz (Ku-band, 2 ~ wavelength), providing ~3 cm reso-
lution imagery at distances of up to 25 km, and ~10 cm resolution up to 55 km away,
with the Lynx flown at an altitude of ~7,600 m. This fine resolution makes it possible to
detect very small surface changes, such as footprints in a soft terrain (Burroughs 1999).
In fact, most of the interest of the military for airborne SAR has been wrapped around its
capability to identify target movement with high accuracy. Such systems, however, are
likely with limited applications for surface changes that take place over much longer pe-
riods of time because loss of coherence occurs much faster for shorter wavelengths.

The only airborne system that holds great promise for detecting surface deformation of
slower rates is UAVSAR (Unmanned, or Uninhabited, Aerial Vehicle SAR) using L-
band. It is a result of a NASA-funded project at the Jet Propulsion Laboratory (Principal
Investigator Dr. Scott Hensley). The first data have been already collected, including
over parts of Salton Sea; however, they have not been made public. These rapid ad-
vances may eventually lead to decreased costs of collection of airborne SAR data suita-
ble for DInSAR, and perhaps it will be possible to order data collections over sites of in-
terest in the future.

The interference pattern in the SAR interferograms reflecting surface displacement con-
sists of fringes, with each fringe representing a range change (displacement in the line-
of-sight, or LOS, direction) of half a wavelength. This translates into 10 mm, 28 mm, and
125 mm for Ku-, C- and L-band, respectively. An important requirement for DInSAR to
work is for the perpendicular components of baselines (distances between the satellite
orbits or airplane trajectories of the two passes) to be rather small. What is “small” de-
pends on the wavelength and the altitude of the platform. For example, while perpendi-
cular baselines generally smaller than ~200 m (better yet <100 m) are preferable for ERS
or ENVISAT SAR (C-band) interferometry, 600 to 1000 m is a good baseline for JERS-1 or
ALOS (L-band). Furthermore, a surface displacement must have a significant component
along the line-of-sight (LOS) direction to be resolvable by DINSAR, since the look angles
are generally steep. When the look angle (i.e., the angle measured from a vertical line
from the SAR platform to the ground) is small, LOS captures vertical movements better
than horizontal movements. This means that subsidence, in particular, can be rather ac-
curately detected. This is valid for ERS-1/2, which had a fixed small look angle (~23),
and for any of the other satellites when the look angle is adjusted to be optimal for sub-
sidence. (see ranges of look angles in Table 1-1.)

Surface displacement occurring between two passes translates into a phase difference
that can be measured by DInSAR. The simplified equation expressing this relationship is
ddp/Ap =41/A, where d¢ is the phase change, Ag is the displacement measured along the
line connecting the ground and the satellite (i.e., line of sight, LOS), and A is the micro-
wave length used by the SAR instrument. This relationship shows, somewhat counter
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intuitively, that the amount of surface change captured by INSAR does not depend on
the altitude of the platform. This and other details of the technique, omitted here, lead to
the unprecedented power of DINSAR to detect rather small surface deformations. DIn-
SAR is much more sensitive to such changes than to the topography. For example, for
the ERS or ENVISAT satellites, 1-m of topography results in a phase signature of ~4.3°,
while a 1-m surface displacement results in a 3000 times larger effect on the phase. Thus
while InNSAR can be used to determine topography to an accuracy of meters (from satel-
lites) or tens of centimeters (from airplanes), displacements can be theoretically deter-
mined at the sub-centimeter level with millimeter precision.

In view of the above, the spatial and vertical resolution of spaceborne InNSAR used for
determining DEM’s has been 25-30 m and ~15 m, respectively. Airborne InSAR has pro-
vided a superior altitude precision (~0.5 m), at spatial resolutions as small as 1 m all the
way down to 10 cm. However, the linear size of the area covered by an airborne SAR
scene is of the order of 100s of meters or smaller, while the coverage of spaceborne SAR
is much larger, generally 75 km to 100 km. (See Table 1-1).

Although DInSAR is capable of capturing sub-centimeter surface deformation with mm-
precision in ideal conditions (e.g., dry and low-vegetated areas for C-band), the mea-
surements can be adversely affected by various errors (e.g., atmospheric propagation
effects, satellite orbit errors, temporal decorrelation). Thus comparison with ground
measurements where available, such as leveling and GPS, plays an important role in va-
lidating the INSAR observations.

An innovative development of the INSAR technique has been based on so-called “persis-
tent” or “permanent” scatterers (PS). There have been several techniques developed by
different groups (e.g., Hooper et al. 2004; Hooper and Zebker 2007; Ferretti et al. 2000,
2001, 2007). As a generic name for these techniques, PSI will be used throughout the
text; i.e., PS interferometry. PS InSAR has been also widely used in the literature, but this
term is not used in this report in order to not confuse it with a specific technique, PSIn-
SAR™, developed at the Politecnico di Milano University, Italy. (See more details in Sec-
tion 3.2 in Chapter 3.) In conventional DInSAR displacements are measured through the
radar phase change that is made with a pixel-resolution of ~80 m? and with a full cycle of
phase change at %2 of the radar wavelength (i.e., 2.8 cm for the C-band radar with a 5.6
cm wavelength) in the radar line-of-sight (LOS). In contrast, the PSI techniques use indi-
vidual radar reflectors that are generally smaller than the resolution pixel cell and that
remain coherent over long time intervals. These are suitable to extract displacement time
series as if numerous small benchmarks have been used. The PSI methods have several
advantages over DINSAR, such as good phase coherence from most radar scenes regard-
less of the perpendicular baselines, possibilities for long-baseline interferometry with up
to 1.6 km separation, and removal of atmospheric phase from the displacement phase
signal. The PSI techniques can work in areas where conventional DInSAR fails. For ex-
ample, C-band DInsAR is only good in relatively non-vegetated, dry areas, while PSI
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can successfully extract deformation time series for numerous coherent targets (PS
points) amid the vegetation. Moreover, when at least 45 scenes are used, a precision of
<0.1 mm/yr of the deformation rates has been documented (Ferretti et al. 2007). There are
a number of PSI applications reported in the literature by now (e.g., Bell et al. 2008;
Biirgmann et al. 2006; Funning et al. 2007; Furuya et al. 2007). These techniques were al-
so used in this project (Eneva and Shanker 2007; Eneva et al. 2009), and the results are
included in Sections 3.2 and 3.3 of Chapters 3.

Another relatively new interferometric technique makes use of Small Baseline Subsets
(SBAS) and was described in detail by Lauknes (2004). This technique relies on a combi-
nation of differential interferograms created by using SAR image pairs with small orbital
separations (baselines), which reduces spatial decorrelation. A multi-temporal data set is
used that is divided into several small baseline subsets, separated by large baselines. A
singular value decomposition technique is further applied to “link” the separate small
baseline subsets, thus increasing the temporal sampling rate. Atmospheric and orbital
artifacts are filtered out based on the availability of both spatial and temporal informa-
tion. Several applications of the SBAS technique have been reported (e.g., Berardino et
al. 2002; Pepe et al. 2005). This method was also used in this project, and results are re-
ported in Section 3.3 of Chapter 3.

1.5. Previous Applications of INSAR to the Detection of Surface
Subsidence in Geothermal Fields

There are several published applications of differential radar interferometry to geother-
mal fields. Carnec and Fabriol (1999) and Hanssen (2001) used ERS SAR images prior to
August 1997 collected over the Cerro Prieto geothermal field just south of the Imperial
Valley fields. Carnec and Fabriol modeled the subsidence using a combination of Mogi
sources (i.e., assuming elastic deformation in a half-space from simple point sources), as
was previously done for The Geysers (Mossop and Segall 1997). One of the interferome-
tric pairs in Carnec and Fabriol’s work covered approximately five months during
which a M3.4 event with a normal fault mechanism occurred in the field at ~2 km depth.
Since a maximum of 6.6-cm of subsidence was measured (i.e., ~16 cm/yr), which is high-
er than the 12 cm/yr measured with other methods (Glowacka et al. 1999), the earth-
quake may have contributed to the subsidence. This is plausible, given that a 1966 M3.4
event at depth ~1.1 km in the Imperial Valley produced a 9.3-km long surface rupture
(Brune and Alen 1967). Shorter time intervals will be needed for radar interferometry to
distinguish whether vertical displacements are due to small earthquakes.

Massonnet et al. (1997) used two ERS SAR scenes from 1992 and 1994 to show 75 mm of
subsidence in the East Mesa geothermal field. Compared with the other Imperial Valley
geothermal fields, East Mesa is in arid environment and is relatively distant from popu-
lation and agricultural areas. Coso, in Eastern California, provides another prominent
example of a geothermal field where subsidence was observed with InSAR (Fialko and
Simons 2000; Wicks et al. 2001). Up to ~35 mm/yr subsidence was detected in interfero-
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grams covering the period between 1992 and 1997. Wicks et al. modeled the deformation
with both Mogi sources and a planar elastic dislocation (Okada 1985), while Fialko and
Simons used multiple prolate spheroidal sources. Another INSAR result from a geo-
thermal field is from the Euganean geothermal field in Italy (Strozzi et al. 1999), where
ERS SAR scenes between 1992 and 1996 were used to detect a subsidence rate as low as 4
mm/yr.

All radar interferometry applications listed above used ERS C-band SAR data. Two ap-
plications of L-band SAR data from JERS-1 are also relevant to the proposed work. One
detected annual subsidence of up to 10 cm/yr in Jakarta, Indonesia, due to water extrac-
tion (Hirose et al. 2001), and the other identified uplift of up to 19 cm after steam injec-
tion and subsidence of 17 cm following production, both between two consecutive
passes of the satellite (44 days for JERS-1), in the vegetated area of the Cold Lake oil
field, Albert, Canada (Stancliffe and van der Kooij 2001). This indicates that both arc-
hived JERS-1 SAR data and the PALSAR instrument on ALOS could be useful over ve-
getated and agricultural areas, but no such studies specifically over geothermal fields
have been reported in the literature.

Numerous examples of applications of InNSAR to surface subsidence due to non-
geothermal causes have accumulated over the last decade. Regardless of the cause, these
are all examples indicating that InSAR is a viable tool for detection of surface deforma-
tion in general, of which subsidence over geothermal fields is just one particular exam-

ple.
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2.0 Project Methods

While the East Mesa geothermal field is located in relatively dry and non-vegetated area,
agricultural lands are ubiquitous in the Imperial Valley and cover up the other two geo-
thermal fields (Salton Sea and Heber). Farmland is expected to cause decorrelation prob-
lems for C-band that could make it impossible to detect surface deformation with con-
ventional DINSAR. For the latter to detect deformation in such areas, the temporal sepa-
ration between the images would have to be too short, such as two consecutive images
(i.e., 35 days apart for ENVISAT or ERS). Indeed, Lohman and McGuire (2007) found
such a 35-day pair enclosing the occurrence times of the largest of the events in 2005
earthquake swarm near Salton Sea. The coherence was good enough to capture a LOS
displacement of ~14 cm that the authors attributed to the displacements caused by the
swarm (mainly the largest M5.1 event) and a likely accompanying aseismic slip.

However, the deformation rates due to geothermal activity are much smaller and could
not be detected over such short time periods, so a longer temporal separation between
SAR images, e.g. 9 to 12 months, would be needed. C-band easily decorrelates with such
long temporal baselines over agricultural areas. Therefore, it became clear that instead of
conventional DInSAR, PSI and SBAS techniques have to be applied to analyze ENVISAT
and RADARSAT C-band data over Salton Sea and Heber. The PSI techniques used with
the ENVISAT data over Salton Sea were developed at Stanford University (e.g., Hooper
et al. 2007; Shanker and Zebker 2007). The same group was also involved with the SBAS
application to the same data. Another PSI technique was used with the RADARSAT da-
ta, PSINSAR™ (Ferretti et al. 2001, 2007). Particular attention was paid to the comparison
of these results to ground-based measurements from both leveling data surveys and the
regional GPS network. The available ground-based measurements are described in Sec-
tion 3.1 of Chapter 3, PSINSAR™ results from the RADARSAT data and comparison
with the ground-based measurements are described in Section 3.2 of Chapter 3, and PSI
and SBAS results from the ENVISAT data are discussed in Section 3.3 of Chapter 3. Ap-
pendices A and B give more details on the observations from Section 3.2 of Chapter 3,
and appendices C and D show additional results from Section 3.3 of Chapter 3.

Since the various applications to the data over Salton Sea took many trials and errors, a
decision was made to not tackle other areas (such as Heber) until good results are ob-
tained over the first study area. Therefore, Sections 3.2 and 3.3 of Chapter 3 of this report
are limited to the description of PSI and SBAS results from the Salton Sea geothermal
field.

L-band data from ALOS were also analyzed. Because of the longer wavelength, vegeta-
tion is better penetrated and better coherence was hoped for compared with C-band.
That is, traditional DINSAR could work in this case, unlike for C-band from ENVISAT
and RADARSAT. However, longer wavelengths are more limited in capturing small de-
formation, so it was not clear in advance whether L-band DInNSAR would provide useful
results. DINSAR is much less time consuming than PSI, so in this case interferograms
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were calculated and examined over all three geothermal fields in the Imperial Valley, as
well as the Cerro Prieto geothermal field in Mexico, south of the main study area. The
ALQS results are reported in Section 3.4 of Chapter 3.

Furthermore, it was expected that UAVSAR L-band data collected over Salton Sea
would become available during this project. Although repeat SAR scenes were indeed
collected over that area, they have not been made available to the public yet. Thus in
Section 3.5 of Chapter 3 the discussion was limited to the description of the potential of
UAVSAR for future measurements of surface deformation.
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3.0 Project Results
3.1. Ground-Based Measurements in the Imperial Valley

As part of this project, proprietary leveling measurements were supplied by the geo-
thermal companies operating the Imperial Valley geothermal fields, CalEnergy and Or-
mat. The purpose was to compare these measurements with the results obtained from
InSAR. This report focuses on a comparison of satellite INSAR results from the Salton
Sea geothermal field with ground-based leveling data from 2003-2009 supplied by CalE-
nergy. In addition, some regional GPS measurements were also evaluated in an effort to
address the fact that observations of surface deformation by any means are affected by
both geothermal activity and regional tectonics in the greater vicinity of the fields. Fig-
ure 3-1 shows relevant information for the area of Salton Sea that is discussed below.

3.1.1. Leveling Measurements in the Geothermal Fields

Figure 3-1. Map of the greater area around the Salton Sea geothermal field (SSGF). Study area is
shown with yellow rectangle. Pink polygon marks the area with leveling benchmarks. The loca-
tion of the reference benchmark, S-1246, is shown with orange circle. GPS stations are marked
with red triangles. (background from GoogleEarth).

Source:?
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The geothermal companies in the Imperial Valley are obligated to carry out annual geo-
detic surveys and to report their results to the Imperial County/Surveying & Engineering
Department and the California Department of Conservation/Division of Oil, Gas and Geother-
mal Resources (DOGGR). Both CalEnergy and Ormat have supplied leveling reports and
contour maps. In addition, CalEnergy has supplied proprietary digital leveling data for
the period 1998 - 2009 and supporting digital documents.

CalEnergy had leveling surveys done at Salton Sea in June 2003, June 2004, June 2005,
May 2006, October 2007, and March 2009. Over the years, the number of leveling
benchmarks at Salton Sea has changed somewhat, with a network of 79 existing moni-
toring stations being surveyed over the last several years. The area covered by this net-
work is shown in Fig. 3-1 (pink polygon). In all surveys, one of the benchmarks, S-1246
(at Obsidian Butte), was used as a reference and was thus considered motionless. Not all
of the 79 stations have measurements in all years. For example, during the 2007 survey,
seven monuments had been destroyed, or were not found, or were damaged. During the
2009 survey five of the previously missing monuments were reset. All this explains fur-
ther figures comparing InSAR results and leveling data, where leveling observations for
some of the stations do not exist in some years.

40 The distribution of annual rates of
vertical deformation at Salton Sea
is shown in Figure 3-1-2. This fig-

30 ure shows that most rates indicate
subsidence, and that they rarely

|5 exceed —40 mm/yr. However,
S 207 about 13% of the benchmarks ap-
. pear to move upwards, but all this

10 - is relative to S-1246. The maximum
upward rate is +5.4 mm/yr. Note
that even if all benchmarks sub-

0 4 side, but some benchmarks move
50 -40 -30 -20 -10 O +10 downward more slowly than S-
Rate (mm/yr) 1246, there would be the appear-
, _ _ , ance of uplift at their locations
Figure 3-1-2. Histogram of the vertical deformation rates .
derived from the benchmark leveling data, referenced to S- (POSSlble movement of the refer-
éit?}:e: ’ ence benchmark is discussed fur-

ther below). Figure 3-3 shows in a
map sketch the spatial distribution of these rates. It is evident that all relative uplift is
observed in the northwestern part of the area covered by the benchmark network.
Again, this may be just slower subsidence than that at the location of the reference
benchmark, S5-1246.
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S-1246

Figure 3-3. Spatial distribution of deformation rates from the leveling data relative to S-1246. Color scale
shows rates in mm/yr. Outline traces the Salton Sea geothermal field (from a shapefile included in a geothermal
database that may be too old, hence so many benchmarks are outside the outlined area).

Source: ?

Ormat has also supplied leveling data, for the Heber geothermal field. These include
hard copies of reports and contour maps from their annual leveling surveys. The Heber
network consists of 137 benchmarks. All measurements were referenced to benchmark
A-33 located on the All American Canal headwall structure at California Hwy 98. These
data are also very valuable but were not used in this report.

3.1.2. GPS Measurements and their Comparison With the Leveling Data

The available GPS measurements in the Imperial Valley, especially at locations sur-
rounding the Salton Sea geothermal field, were carefully examined. Data from the
Scripps Orbit Permanent Array Center - SOPAC — at the University of California San
Diego (http://sopac.ucsd.edu) were used for this purpose. The GPS measurements are
made by the PBO (Plate Boundary Observatory) network, operating for about 3.5 years,
and the CRTN (California Real Time Network) stations, operating for about 10 years.

Site coordinates, velocities and time series are created by a SOPAC refined model (Niko-
laidis 2002) that takes into account offsets (co-seismic or otherwise), linear velocity, ex-
ponentially decaying term for post-seismic relaxation, and annual and semi-annual fluc-
tuations. Input data provided to the model are the daily processed site positions calcu-
lated at SOPAC using the software packages specifically designed for the purpose.
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Figure 3-4 shows the locations of the GPS stations in the region. Horizontal and vertical
regional velocities are shown in Figure 3-5. The horizontal velocities are relative to the

Pacific Plate and are rather significant compared with the vertical rates. Table 3-1-1 lists
the velocities for the nine stations closest to the Salton Sea geothermal field.

Table 3-1-1. GPS deformation rates (in mm/yr) around the Salton Sea geothermal field (H-

horizontal component relative to the Pacific Plate, V-vertical component).

Vel. P502 P503 P506 P507 P508 P495 P499 | CRRS | GLRS

H 41.67 | 19.94 4224 | 42.40 42.47 | 28.39 39.11 25.39 | 42.61

V -1.23 | -2.53 -8.67 | -13.37 | +0.29 | -3.12 -2.20 | -0.31 —0.31
Source: ?

Figure 3-1-4. Map with the locations of the GPS locations (http://sopac.ucd.edu).
Source:?
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Figure 3-5. Map showing the vectors of horizontal velocities in the study area (green
arrows). Triangles mark the GPS stations. Numbers next to stations show horizontal
velocities relative to the Pacific Plate and vertical velocities, both in mm/yr. Black lines
mark known faults. Yellow rectangle shows the study area of the Salton Sea geothermal

field. Yellow circle marks the location of the reference benchmark S-1246. Adapted from
http://sopac.ucsd.edu.

As seen from Figs. 3-1, 3-4 and 3-5, P507 is the closest PBO GPS station to the reference
benchmark used in the Salton Sea leveling surveys, S5-1246, at a distance of 3.8 km.
Another one of the 79 leveling benchmarks, RED-1, used by CalEnergy, is nearby P507.
The next closest stations are P506 and P495, at 16.2 kmm SW and 17.4 km SE from P507,
respectively. Incidentally, the maximum subsidence from all PBO GPS in the area is no-
ticed at these three stations, highlighted in yellow hues in Table 3-1-1. Measurements at
GPS stations further away, although mostly indicating subsidence, are much smaller.
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This shows that subsidence in the field due to fluid extraction is occurring superimposed
on the largest regional subsidence in that area attributable to tectonic movements.

It is thus reasonable to use the regional movements registered at the three closest sta-
tions to make inferences about the likely regional movements (i.e., unrelated to the geo-
thermal activity) in the area covered by the 79 benchmarks. However, this assertion is
not solid enough for P507, as this GPS station is very close to the field.

S-1246

Figure 3-1-6. Model of possible horizontal tectonic movements at the benchmark locations in the W-E di-
rection, relative to S-1246. Color scale shows these rates in mm/yr. Positive values mean movement east-
ward, negative values mean movement westward.

Source: ?

Figure 3-6 shows a model of the W-E component of the regional horizontal movements

at the benchmarks, relative to S-1246. This model is calculated using simple linear inter-

polation from the GPS observations at P507, P506, and P495. Table 3-1-2 shows the de
Table 3-1-2. Decomposition of Comp'osition of ’Fhe hor‘izontal velocities from the
the horizontal velocities at three  velocity map (Fig.3-5) into W-E (used for the model-

PBO GPS stations. ing in Fig. 3-6) and S-N components for the three
Station Hw.e Hs.n GPS stations (not shown). The two components are
P507 +20.52 | -37.10 positive when movement is indicated to the east
P506 +29.98 —29.76 :

P495 12163 ~18.39 and north, respectively.

Source:?
This modeling gives an idea about the horizontal movements (relative to S-1246) attri-
butable to tectonic movements. The emphasis on the W-E component is due to the ac-

26



quisition geometry of the satellite data. The geometry for the ENVISAT data (from both
descending and ascending orbits) and the RADARSAT data from the ascending orbit are
such that mostly vertical movements are captured and to some extent horizontal move-
ments in the W-E direction. The geometry of the RADARSAT data from the descending
orbit is different, almost equally sensitive to vertical movements and the W-E compo-
nent of the horizontal movements. Neither the ENVISAT nor the RADARSAT geometry
is sensitive to the S-N component of the horizontal movements. Therefore, Fig. 3-6 em-
phasizes the possible W-E horizontal component attributable to tectonic movements at
the benchmark locations, all measured relative to the reference benchmark S-1246. As
seen in the figure, these components indicate mostly eastward movement (positive val-
ues), with increasing rates to the east (up to 5 mm/yr), but also some westward move-
ments in the western part of the plot (~ —1to —2 mm/yr). These combine to indicate that
the tectonic environment in the area of the benchmark network is extensional. Any de-
formation due to the geothermal activity is superimposed on that extensional regime.

Making a similar estimate as that in Fig. 3-6 but for the vertical tectonic movements is
more challenging. The reference benchmark S5-1246 has been considered motionless for
the purpose of leveling measurements, and therefore the InNSAR results presented fur-
ther are also referenced to that point, for the sake of comparison between the two types
of measurements. However, a simple comparison with the GPS data indicates that S-
1246 likely subsides. The vertical velocity (deformation rate) at P507 measured over the
last 3.5 years is ~ —13.4 mm/yr (Fig. 3-5). In contrast, the leveling at the RED-1 benchmark
used by CalEnergy, located next to P507, indicates a relatively steady uplift at +5.4
mm/yr, measured over the last 6 years. Since this is referenced to S-1246, such a discre-
pancy indicates that S-1246 might be subsiding at a rate of —18.8 mm/yr. This might have
been revealed if, say, it were part of the PBO GPS network. Recall from Fig. 3-1-3 that the
leveling data at other benchmarks in the northern-eastern corner of the area also show
uplift or almost no change with time. As already suggested, this may be simply due to
the fact that they subside at a slower rate compared with the reference point 5-1246. It is
not known if rates of —13.4 mm/yr at P507 and —18.8 mm/yr at S-1246 can be attributed
only to tectonic causes or more likely are mixed with the geothermally induced subsi-
dence. Indeed, both locations are very close to the geothermal field, especially S-1246,
and the indicated absolute subsidence rates at their locations appear the largest in the
whole region. For these reasons, no attempt was made to model the vertical tectonic
movements at the benchmark locations in a way similar to what was done for the W-E
horizontal regional velocity components in Figure 3-6.The SOPAC website
(http://sopac.ucsd.edu) also contains position time series for all GPS stations. Figure 3-7
shows an example of such a time series of the horizontal (5-N and W-E) and vertical
components at P507. The slopes of these time series (Fig. 3-7a) represent the horizontal

and vertical velocity components. Note that horizontal velocities estimated from the
slopes of the position time series are different from those shown on the map in Fig. 3-5
and in Table 3-1-1 because they are not referenced to the Pacific Plate. However, there is
no difference between the vertical velocities. The detrended time series (i.e with trends
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removed) display annual and semi-annual changes (Fig. 3-6b). It would be of interest to

see if the INSAR results can resolve such periodic fluctuations as well. Details of the

model parameters are also shown in the figure. The appearance of these time series is

common for most GPS stations. The time series for some stations indicate jumps from

earthquakes; one example is the time series for P506 (not shown here) that shows a jump

at the time of the M5.1 earthquake in September 2005.
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N component
slope 1: -9.97 +/- 0.10 mm/yr (2005.7261 - 2009.1836)
annual: 0.39 +/- 0.12 mm; phase: 3.92
semi-annual: 0.55 +/- 0.09 mm; phase: 2.33

E component
slope 1: -21.02 +/- 0.12 mm/yr (2005.7261 - 2009.1836)
annual: 1.05 +/- 0.13 mm; phase: 5.63
semi-annual: 0.16 +/- 0.10 mm; phase: 3.45

U component
slope 1: -14.07 +/- 0.41 mm/yr (2005.7261 - 2009.1836)
annual: 4.07 +/- 0.45 mm; phase: 4.03
semi-annual: 1.45 +/- 0.34 mm; phase: 2.28

Figure 3-7. (b) Filtered and detrended time series of surface deformation from (a). The three velocity

components are shown from top to bottom as in (a). Modeling parameters are shown in box above. Slopes

are rates in mm/yr. Note that these numbers are calculated daily and they change, although not significant-
ly (hence the slight difference with the vertical velocity at P507 in Fig. 3-1-3 above). Horizontal components
are not referenced to the Pacific Plate, so horizontal velocities are not comparable to the numbers shown in

Fig. 3-1-3. From http://sopac.ucsd.edu. Source:
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Figure 3-7. (a) Filtered position time series for station P507. From top to bottom: W-E hori-
zontal component, S-N horizontal component, and vertical component. Positive move-
ments are in direction to the east, north, and upwards, respectively. Fitting curves in red
are used for detrending the series in (b). Slopes indicate horizontal and vertical velocity
components. From http://sopac.ucsd.edu.
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3.2. Results from C-band RADARSAT Data

The analysis of SAR data from the Canadian RADARSAT-1 satellite was performed by
TRE Canada. Like the ASAR data from ENVISAT, these data are C-band, and thus a
regular DINSAR is not expected to work in this heavily vegetated region, so the TRE’s
proprietary PSINSAR™ algorithm was applied for the purpose. This algorithm is one of
several existing PSI (persistent scatterer interferometry) techniques. Figure 3-8 shows the
area that was studied, encompassing the whole Salton Sea geothermal field.

Figure 3-8. The Salton Sea area of interest (yellow outline) as seen from Google Earth.
Also shown is the reference point (green marker), S-1246, used as reference for the
leveling. Source: ?

3.2.1. Method

The identification of permanent scatterers (PS) in a series of RADARSAT images com-
prised the following sequence of steps. First, all radar data archives were screened to
determine the most suitable source of raw data for the particular area of interest and to
select all the high quality images within the chosen dataset. As the signal echo from a
single point target contains many returning radar pulses it appears defocused in a syn-
thetic aperture radar (SAR) raw image. The first processing step was therefore to focus
all the received energy from a target in one pixel. The images were then precisely
aligned to each other, or co-registered, and analyzed for their suitability for interferome-
try. The main parameters analyzed in this stage were the normal (perpendicular) base-
line and the temporal distribution of the images. Then a number of statistical analyses
followed on the phase and amplitude characteristics of the backscattered radar signal
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that return to the satellite. If a concentrated number of signals reflect off a particular fea-
ture within a pixel and backscatter to the satellite, the feature is referred to as a scatterer.
When the same scatterer appears in all, or most, of a data set of SAR images of a particu-
lar location, then the scatterer is deemed to be permanent. At this stage it was possible to
identify a subset of pixels, referred to as permanent scatterer candidates (PSC), that were
used to estimate the impact on signal phase of ionospheric, tropospheric and atmos-
pheric effects, as well as possible orbit errors. Once the signal phase is corrected for these
effects, any remaining change in the signal phase is expected to directly reflect surface
change.

3.2.2. SAR Data Selection

Imageair, Inc. submitted a research data proposal to the Alaska SAR facility, which was
fortunately approved. That made it possible to download RADARSAT data at no cost to
this project. This was a significant advantage, because RADARSAT data are otherwise
rather expensive. Two suitable RADARSAT datasets were identified, one acquired from
an ascending orbit and the other from a descending orbit (Figure 3-9). The ascending
dataset consists of 26 scenes acquired in S1 beam mode, on track 52. The descending
dataset consists of 30 scenes acquired in S6 beam mode, on track 116. However, due to
some technical problems at ASF, some of the existing scenes could not be downloaded
within the limits of this project, although they may become accessible in the future. So
the actual numbers of scenes used in the analysis were 18 ascending and 21 descending
images, covering the periods of 05/20/2006 — 04/22/2008 and 05/24/2006 — 04/19/2008, re-
spectively. Tables 3-8 and 3-9 show lists of the data used. These reduced numbers of
scenes were still promising, because in general, in order to measure displacement to mil-
limeter accuracy, a minimum stack of 15 images is required, which is satisfied in this
case. Fortunately, none of these available images had to be discarded during the initial
stages of processing: That is, all 39 scenes were found to be suitable for the PS analysis.

Table 3-8. RADARSAT-1, track 52, ascending orbit scenes used in the analysis. Bn = nor-
mal baseline; Bt = temporal baseline. The image highlighted in red was used as the “mas-
ter” image in the processing.

# ’ Date ’ Sensor/mode ‘ Bn (km) ” Bt (days)
1 20/05/2006 RSAT-S1 0.761 -360
2 13/06/2006 RSAT-S1 0.096 -336
3 07/07/2006 RSAT-S1 0.975 -312
4 31/07/2006 RSAT-S1 0.027 -288
5 24/08/2006 RSAT-S1 0.441 -264
6 17/09/2006 RSAT-S1 0.012 -240
7 11/10/2006 RSAT-S1 0.132 -216
8 28/11/2006 RSAT-S1 0.100 -168
9 15/01/2007 RSAT-S1 0.072 -120
10 04/03/2007 RSAT-S1 0.386 -72
11 28/03/2007 RSAT-S1 0.060 -48
12(M) | 15/05/2007 RSAT-S1 0.000 0
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13 08/06/2007 RSAT-S1 0.079 24
14 02/07/2007 RSAT-S1 0.077 48
15 17/12/2007 RSAT-S1 0.327 216
16 10/01/2008 RSAT-S1 0.004 240
17 03/02/2008 RSAT-S1 0.260 264
18 22/03/2008 RSAT-S1 0.107 312

Source:?

Table 3-2-2. RADARSAT-1, track 116, descending orbit scenes used in the analysis. Bn =
normal baseline; Bt = temporal baseline. The image highlighted in red was used as the
“master” image in the processing.

Sensor/mode Bn (km) ’ Bt (days) ‘
1 24/5/2006 RSAT-S6 0.16 -336
2 17/6/2006 RSAT-S6 0.14 -312
3 11/7/2006 RSAT-S6 0.24 -288
4 4/8/2006 RSAT-S6 0.05 -264
5 21/9/2006 RSAT-S6 0.14 -216
6 15/10/2006 RSAT-S6 0.03 -192
7 8/11/2006 RSAT-S6 0.20 -168
8 2/12/2006 RSAT-S6 0.02 -144
9 26/12/2006 RSAT-S6 0.02 -120
10 12/2/2007 RSAT-S6 0.04 -72
11 8/3/2007 RSAT-S6 0.31 -48
12 1/4/2007 RSAT-S6 0.08 -24
13(M) | 25/4/2007 RSAT-S6 0.00 0
14 19/5/2007 RSAT-S6 0.04 24
15 12/6/2007 RSAT-S6 0.14 48
16 6/7/2007 RSAT-S6 0.02 72
17 30/7/2007 RSAT-S6 0.07 96
18 21/12/2007 RSAT-S6 0.25 240
19 7/2/2008 RSAT-S6 0.00 288
20 2/3/2008 RSAT-S6 0.17 312
21 26/3/2008 RSAT-S6 0.04 336
Source: ?
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Figure 3-9. RADARSAT-1 satellite coverage of the study area by the ascending orbit (track 52) and de-
scending orbit (track 116) imagery. Yellow rectangle marks study area. White arrows show direction of foot-
prints of satellite movement.

Source :?

3.2.3. Master Image Selection

PSINSAR™ requires that one image (or scene) in each dataset has to become both a geo-
metric and temporal reference to which all the other images are then related. This image
is referred to as the “master” image, and the remaining scenes are “slave” images. The
master image was chosen according to the following criteria: (1) it minimizes the spread
of normal baseline values for the slave images; (2) it minimizes the temporal baseline
values between the master and each slave image; and (3) it minimizes the effects of sig-
nal noise arising from changes in vegetation cover and/or small changes in the look an-
gle of the satellite from one scene to another. The master images used in this analysis are
highlighted in red in Table 3-2-1 and 3-2-2. These tables also show the normal (vertical)
and temporal baseline values (Bn and Bt) associated with each “slave” image. These two
parameters are fundamental to any interferometry study. In any SAR dataset, there are
factors that can impede the application of interferometry. These include extensive and
dense vegetation, water coverage, irregular temporal distribution of images, and too
long intervals between successive images. For the Salton Sea area, the presence of agri-
cultural fields, the relatively limited number of man-made structures, and the relatively
low number of images tend to reduce the density of PS.
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3.2.4. Phase and Amplitude Analysis

Each pixel of a SAR image contains information on the amplitude of signals that are
backscattered toward the satellite, as well as on the signal phase. The amplitude is a
measure of the amount of the radar pulse energy reflected, while the phase is related to
the length of the path of the electromagnetic wave, from the platform to the ground and
back again. Analyses of both amplitude and phase of the SAR image provide an indica-
tion of the stability of each pixel, over time, whereby it is possible to identify those pixels
that are most likely to behave as permanent scatterers. Statistical methods are used ex-
tensively in this process. Among the different statistical parameters that can be com-
puted, two are of particular interest: the Phase Stability Index (PSI), obtained from the
phases of the images within the dataset, and the Multi Image Reflectivity (MIR) map,
derived from the amplitude values of the available acquisitions.

After the statistical analyses of the SAR images have been completed, a set of differential
interferograms is generated. This entails subtracting the phase of each “slave” image
from the phase of the “master” image. In doing so, the difference in signal path length
between the two images is calculated. This difference is related to possible surface
change. The differential interferograms represent the starting point for applying the
PSINSAR™ approach.

The Phase Stability Index (PSI) indicates the variability of the signal phase for every
pixel computed for every image in the archive. It ranges from 0 to 1 and can be repre-
sented in a digital image. A pixel having a high PSI value is most likely to be a PS.

The amplitude of a pixel within a SAR image is the aggregate of the backscattered en-
ergy toward the satellite from within the pixel’s equivalent land area. This equivalent
land area is referred to as the radar spatial resolution, and in the case of the RADAR-
SAT-1 Standard Beam mode, it is about 20 m x 5 meters. It is necessary to look into the
amplitude values of all the images in the dataset in order to understand exactly what
was seen by the satellite at the time of each acquisition.

If a target has experienced significant change in its surface characteristics it will exhibit
variation in its reflectivity (electromagnetic response) between two acquisitions. In such
circumstances, the possibility of detecting surface change by means of SAR interferome-
try is seriously compromised. The reason is that the signal phase difference between the
two images in such a case contains not only the contribution due to displacement, but
also that due to the change in the reflectivity of the target. This prevents, in the worst
case, the obtaining of any useful information on surface deformation.

Normally, speckle impacts negatively on the quality and usefulness of SAR images.

However, the more images taken of the same area at different times or from slightly dif-
ferent ‘look” angles are available, the easier it is to reduce the speckle effect. The purpose
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of removing speckle is to increase the quality and level of details of the amplitude image
enabling it to be used as a background layer for observing the presence of PS results.

The Multi Image Reflectivity (MIR) map is the means by which speckle reduction is ac-
complished. Averaging a number of images tends to negate the random amplitude vari-
ability, leaving the uniform amplitude level unchanged. The MIR maps derived from the
ascending and descending orbit images are shown in Figures 3-10 and 3-11, respectively.

It should be emphasized that the information in the MIR map is the reflectivity of each
pixel, i.e. the ability to backscatter the incident wave toward the satellite. Flat surfaces
(roads, highway, rivers, lakes) act like a mirror, meaning that if their orientation is not

e

Figure 3-10. Ascending orbit multi-image reflectivity (MIR) map of the Salton Sea
area. Source:?
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Figure 3-11. Descending orbit multi-image reflectivity (MIR) map of the
Salton Sea area. Source: ?

exactly perpendicular to the incident wave, negligible energy is reflected back to
the sensor, so they appear dark in the images. On the other hand, because of their ir-
regular physical shape, metal structures or buildings reflect a significant portion of the
incident signal back to the radar, resulting in very bright pixels in the MIR map.

After the signal phase and reflectivity analyses are completed, differential interfero-

grams can be generated. They are obtained by subtracting the phase values of each
“slave” image from those of the “master” image. In any SAR image, there are embedded
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topographic distortions that arise during image acquisition. These are removed using a
reference Digital Elevation Model (DEM), leaving ground movement and the signal
phase distortions arising from atmospheric effects as the only embedded variables.

3.2.5. Estimation of the Atmospheric Effects

When a radar signal enters and exits a moisture-bearing layer in the atmosphere, its
wavelength can be affected, introducing potential errors into the signal path length. The
removal of atmospheric impacts is fundamental for increasing the precision of ground
movement measurement.

A subset of pixels, usually corresponding to buildings, lampposts, antennas, small struc-
tures and exposed rocks, is chosen from among those that have high PSI values. These
are referred to as PS Candidates (PSC). PSC density is, of course, higher in towns and
cities compared with forests and vegetated areas. However, it is often possible to obtain
good PSC density even in those areas.

For each image, the atmospheric impacts are estimated at each PSC location. The process
is statistically based and benefits in accuracy by greater numbers of available images. By
comparing the atmospheric contribution on neighbouring pixels that would be experi-
encing the same atmospheric conditions, the atmospheric contribution can be recon-
structed over the whole image.

The processed dataset allows identification of a PSC cluster dense enough to identify
and extract the atmospheric contribution over the entire area of interest.

3.2.6. Post-Processing

The processed data further undergo a thorough quality control following a certified pro-

Figure 3-12. Detail of the study area as seen from an orthophoto, highlighting the high
resolution of the imagery. Source: ?
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cedure. The PS are aligned on an optical image layer. Ancillary data available for the PS
post-processing include high resolution (50 cm) orthophotos (e.g., Figure 3-12) of the
study area, a digital elevation model (DEM) with 10-m elevation postings, and a vector
file describing the local road network. These data were downloaded from the USGS
EROS data center. It is to be noted that the orthophotos were acquired in December
2002, while the RADARSAT images used in the analysis were acquired in the period
2006-08. So, any changes (e.g. construction) that have occurred in the period between
2002 and 2006 would show in the radar data, but not in the orthophotos used as a back-
ground layer.

3.2.7. PS Results

Benchmark S-1246 was used as a reference point for the levelling data provided by
CalEnergy. Thus, for the sake of comparison with the levelling data, a similar reference
is used for the PS results as well. Since the 5-1246 location cannot be used in the PS
analysis, two reference points were chosen from the descending and ascending orbit PS
points that were as close as possible to S-1246 (Figure 3-13). Note that all three points are
within 55 m of each other. Based on its proximity to the geothermal reservoir and the
results of the PS analysis, there are indications that S-1246 is actually moving both
downwards and eastwards (at least in the period covered by the RADARSAT data, 2006-
2008). This was already independently suggested in Section 3.1 of this chapter.

S-1246

Figure 3-13. Locations of the ascending (pink circle) and descending (green circle)
orbit reference points and the reference benchmark S-1246 (red triangle).

Like in Fig. 3-13, in subsequent figures the S-1246 benchmark is shown as a red triangle,
the ascending orbit data reference point is shown with a green circle, and the descending
orbit data reference point is marked with a pink circle.

The estimated velocity fields from the ascending and descending orbit images are shown
in Figures 3-14 and 3-15, respectively. The colored markers superimposed on the ortho-
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photo correspond to the locations of PS points identified in the study area and where
precise differential measurements could be carried out by PS INSAR™. All displacement
measurements were computed with respect to the supposed reference points assumed to
be motionless.

Furthermore, Figures 3-16 and 3-17 show the PS elevation values referenced to mean sea
level. The elevation of a PS point helps to identify whether it is on the top of a building
or at ground level and can help to clarify topographic anomalies where ground move-
ment is significant. Typically, the vertical resolution of elevation is around 1.5 m.

Figure 3-14. Ascending orbit PS velocity map. The red triangle shows the location
of the S-1246 reference benchmark. Source: ?
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Figure 3-15. Descending orbit PS velocity map. The red triangle shows the location of the S-1246 ref-
erence benchmark. Source: ?
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Figure 3-16. Ascending orbit PS elevations referenced to mean sea level.

Source:?
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Figure 3-17. Descending orbit PS elevations referenced to mean sea level. Source: ?
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3.2.8. Summary of the Characteristics of the Study

Tables 3-2-3 and 3-2-4 provide summaries of the characteristics of the analysis of the as-
cending and descending orbit data. Common to both data sets are georeferencing in
which the PS points were aligned on 50-cm orthophotos, UTM Zone 11N /WGS-84 pro-
jection system and datum, assumption for motionlessness of the reference points used
(both very close to 5-1246), study area of size ~95 km?, and false alarm rate of 105, i.e.,
only 1 in 100,000 PS points might be actually noise. Thus the risk that a point identified
as a PS is noise is rather low in this study. The false alarm rate is the statistically derived
index for the probability of this phenomenon.

The distinction between PS density in the areas where buildings or other man-made ar-
tefacts are present compared to the agricultural areas is noticeable and to be expected.
PS density within the study area lies in a range of values that is typical of this setting
(last rows of Tables 3-2-3 and 3-2-4). The PS points are mainly clustered in areas where
little or no vegetation is present, along roads and at the geothermal plants in the study
area.

Table 3-2-3. Summary of output from the ascending orbit data

Satellite / beam RSAT / S1

Acquisition geometry ASCENDING

Critical baseline [m] 1621.6

Analysis time interval 05/20/2006 — 03/22/2008
Number of scenes processed 18

Reference point location 3,671,208.29 N; 627,045.14 E
Number of PS identified 3087 points

Number of time series estimated 3087

Average PS density (PS/km®) 32.5 PS points / km?

Source:?

Table 3-2-4. Summary of output from the descending orbit data

Satellite / beam RSAT / S6

Acquisition geometry DESCENDING

Critical baseline [m] 3041.2

Analysis time interval 05/24/2006 — 03/26/2008
Number of scenes processed 21

Reference point location 3,671,178.62 N; 627,091.82 E
Number of PS identified 4441 points

Number of time series estimated 4441

Average PS density (PS/kmz) 46.75 PS points / km?

Source:?
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3.2.9. Precision Assessment

The quality and accuracy of results obtained with the PS InNSAR technique represent two
of the most important goals of this type of study. Extensive analysis of various results of
commercial and research projects performed by TRE and the Politecnico di Milano Uni-

versity have made it possible to calculate the accuracy of PS measurements.

Three parameters characterize the PS results: precision of the estimated velocities; preci-
sion of the estimated elevations; and precision of the geocoding.

Table 3-2-5 summarizes the typical precision values applicable to PS located within 2 km
from a reference point when at least 45 SAR acquisitions have been processed. The stan-
dard deviations in the estimation of PS velocities and elevations are a function of dis-
tance from the reference point. In the present PS analysis, the resulting velocity standard
deviation values are shown in Figure 3-18 for the ascending orbit dataset and in Figure
3-19 for the descending orbit data.

The relative positioning error is given by the resolution of the SAR system in use and
equals = 7 m in range direction (east-west) and + 2 m in azimuth direction (north-south).
In order to illustrate the quality of the geocoding achieved in the PS processing, an ex-
ample is presented in Figure 3-20. The background layer is a high resolution (50 cm) or-
thophoto image downloaded from the USGS The National Map Seamless Server.

In Figure 3-20, the PS radar targets were identified along a section of a geothermal instal-
lation. The pixel resolution of the orthophoto image is greater than the resolution of the
SAR system. This difference in resolution manifests itself by showing the PS slightly off
the N-S aligned structure at the centre of the image. Figure 3-21 shows how the PS eleva-
tion coloration helps to clarify whether a PS point is on the top of a structure or at
ground level. The blue PS points are likely located higher, while red points are reflec-
tions from the base of the structure.

Table 3-2-5. Measurement accuracies for PS located within 2 km from the reference point,
based on the processing of at least 45 SAR images

Velocity <1 mmlyr
Elevation £1.5m
Positioning error along W-E direction +7m
Positioning error along S-N direction +2m
(smgle dispiacement) <5mm

Source: ?
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Figure 3-18. Ascending orbit PS velocity standard deviation. Values are in mm/yr.
Source:?
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Figure 3-19. Descending orbit PS velocity standard deviation. Values are in mm/yr.

Source:?
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Figure 3-20. Results of the PS alignment on a 50-cm orthophoto image.
Source:?
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Figure 3-21. Use of PS height information to determine if a PS is on the ground or at the
top of a building. Red PS are located at the base of the structure, blue PS are higher up.

3.2.10. Sensitivity Versors

It is important to point out that all PSINSAR™ displacement measurements are carried
out along the satellite Line Of Sight (LOS). The properties of the unit vectors as projected
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onto the LOS (versors) are related to the viewing angles for both the ascending and de-
scending orbit acquisitions as shown in Tables 3-2-6 and 3-2-7 below.

Table 3-2-6. Components of the ascending orbit RADARSAT-1 LOS versor for this study

Direction Component of the versor
North -0.09255
East -0.41725
Vertical 0.90407
Source:?

Table 3-2-7. Components of the descending orbit RADARSAT-1 LOS versor for this study

Direction Component of the versor

North -0.11082

East 0.71154

Vertical 0.69385
Source:?

Figure 3-22 illustrates the satellite viewing geometry. The corresponding angles are
shown in Table 3-2-8. Using the angles depicted in the figure, the north, east, and vertic-
al components in Table 3-2-6 are given by —sin6*sin0, —sind*cos0, and coso, respectively.
The components in Table 3-2-7 are determined in the same way, but the sign is reversed
for the east component, +sind*cos@. This information, coupled with the ascending orbit
geometry information, is used to determine the vertical and east-west (E-W) movement
in the PS field.

Table 3-2-8. Satellite viewing angles for both orbit geometries

Orbit geometry Symbol Angle |
Descending 0 46.06
Descending 0 8.85
Ascending 0 25.3
Ascending 0 12.51
Source:?



Angle © Angle

Line Of Sight

Figure 3-22. Diagram illustrating the satellite acquisition geometry. See Table 3-2-8 for the
actual values of the angles.

Source:?

3.2.11. Observations

The agricultural nature of the Salton Sea area led to a relatively low density of PS, com-
pared to analyses performed in other settings. However, the density values, of 32 PS/km?
for the ascending orbit data and 46 PS/km? for the descending orbit data, are normal for
this type of environment. PS are mostly concentrated along roads, at the geothermal
power plants, and in the arid portions of the landscape along the Salton Sea shore.

The difference in acquisition dates between the background orthophotos used to align
the PS and the RADARSAT-1 imagery could possibly be the explanation for some clus-
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ters of PS that appear to be located in cropland (Figure 3-23). It is possible that addi-
tional infrastructure was constructed between the times when the orthophotos were
taken and prior to the times of the RADARSAT data acquisitions, or that the fields were
tilled and left uncultivated in the period covered by the radar imagery. This would ex-
plain the high number of PS (the roughness of tilled land) and their relatively high co-
herence. Fallow fields, for example, appear to be the best explanation in the north-
eastern corner of the study area where another large cluster of PS appears (Figure 3-24).
The PS points here are all precisely contained within the boundaries of agricultural
fields.

The two geothermal plants in the western-central portion of the study area are located in
an area that appears to be subsiding. PS velocities are negative, indicating downward
movement, and reach close to 30 mm/yr in the ascending orbit dataset. This can be seen
from the time series shown in Figure 3-25. LOS velocities are lower in the descending
data, but this is attributable to the more horizontal angle of the S6 beam mode viewing
geometry.

For the interpretation of the data, it is fundamental to bear in mind the satellite viewing
angles. The ascending orbit data was acquired in S1 beam mode corresponding to a
viewing (look) angle of approximately 25” off the vertical. The descending orbit data was
acquired in S6 beam mode, corresponding to viewing angle of over 46°. Consequently,
the ascending data is more sensitive to vertical movements, while the descending data is
equally sensitive to vertical and east-west horizontal movements.

An important observation concerns the distribution of the PS velocity standard devia-
tion (Figure 3-26). In a typical PS analysis, the lowest standard deviations (STD) are lo-
cated near the reference point and then increase with distance. While this is the case in
this analysis as well, some anomalies can be observed. In the ascending orbit data, the
STD values around the reference point (Fig. 3-26) are quite low, but the variability is
higher than normal. This variability decreases somewhat in the descending orbit data
(Figure 3-27) but is still higher than average. A potential explanation for this behaviour
may be that the area incorporating the reference points is not static, as is the assumption
in the PS analysis, but is actually subsiding or even moving laterally. This could create
differential movements that would have an impact on the analysis results. It would be
good to change the reference point to one that is known to be stable and reprocess the
data; however, for the sake of further comparisons with the existing levelling data, in
this analysis the reference points were kept very close to the S-1246 benchmark assumed
motionless in the levelling surveys.

As a consequence of the aforementioned observation, and if differential movement is

actually occurring in the area of the reference point, this would negatively impact the
movement decomposition into the east — west and vertical components. If a lateral com-
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ponent of motion is present in a reference point that is assumed to be motionless, a false
lateral component will be introduced into the motion of all the PS.

Figure 3-23. The PS points on the east side of the image seem to be located in an
agricultural field. This may be explained with differences between the orthophoto acquired
in 2002 and the state of this area in 2006-2008 when the RADARSAT data used in the PS
analysis were acquired.

Source:?
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Figure 3-24. Relatively high density of PS likely due to fallow fields.

Source:?
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Figure 3-25. Time series of a PS near the centre of the study area that is moving
downwards.

Source:?
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Figure 3-26. Standard deviation of PS velocity (ascending data) near the reference point
(green circle), close to the S-1246 benchmark (red triangle).

Source:?
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Figure 3-27. Standard deviation of PS velocity (descending data) near the reference point
(pink circle), close to the S-1246 benchmark (red triangle).

Source:?
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3.2.12. West-East and Vertical Movement Decomposition

The processing of both ascending and descending datasets allows the LOS movement
measured by each satellite to be decomposed into west-east and vertical components.
Geometrical considerations were used for this purpose, involving the following steps:

1) Both the ascending and descending datasets are resampled to a regular grid with
a 100 m cell size. All PS that are within a cell are used to calculate a mean LOS
velocity for that same cell. At least one PS must be within the cell. A common
reference point is used;

2) The two grids are superimposed, and the velocities from homologous cells are
used for the decomposition. Only cells that contain values in both grids (ascend-
ing and descending) can be used. It is for this reason that the density of meas-
urements in this case is lower than the PS density determined from either ascend-
ing or descending orbits alone.

3) The two LOS velocities are represented as vectors. These are added together by
means of vector addition.

4) The resulting vector is then decomposed into W-E horizontal movement and ver-
tical movement using simple geometric relationships involving the unit vectors
of the viewing angles shown in Tables 3-2-6 and 3-2-7.

5) The results are shown as a regular raster grid in which the cells have a 100 m x
100 m resolution. Note that these are not PS points.

The results of the movement decomposition are shown in the following figures. Figure
3-28 shows W-E horizontal movements. Blue colors indicate eastward movement, while
red colors indicate movement toward the west. The strongest eastward motion is located
in the central portion of the study area, just north of one of the geothermal plants. Along
the southern and northern boundaries of the study area, the pixel hues show that these
areas seem to be moving westward. This is likely an artefact caused by the fact that the
reference point is not actually motionless. It is possible, in fact, that the reference point is
moving eastward (a logical hypothesis as it would be moving toward the depression in-
duced by the geothermal activities). This was independently suggested in Section 3.1.

Vertical movement is shown in Figure 3-2-22. In the central portion of the study area
surface deformation is mainly negative, indicating subsidence. This is particularly evi-
dent near the geothermal plants, where the PS density is higher. Both the northern and
southern portions of the study area contain blue pixels, which indicate uplift. Again, this
may be an artefact of the assumption that the reference point is motionless, while it may
be actually subsiding, as already discussed in Section 3.1.
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Figure 3-28. W-E component of the deformation. Positive (blue) values indicate eastward
movement, while negative (red) values indicate westward movement.

Source:?
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Figure 3-2-22. Vertical component of the deformation. Negative values (red) indicate
downward movement, while positive values (blue) indicate uplift.

Source:?
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3.2.13. Comparison With Leveling Data

A comparison was further performed with the leveling data collected at the 79 bench-
marks in June 2003, June 2004, June 2005, May 2006, October 2007, and March 2009. For
this purpose, the INSAR measurements at PS points within 100 m and within 200 m from
the benchmarks were examined. As a reminder, the RADARSAT data are from the pe-
riod April 2006-April 2008. Appendix A shows all plots for the benchmarks satisfying
these conditions, using the measurements at the PS points identified from the scenes
with ascending orbits. Appendix B shows all plots for the PS from the descending orbits.
The reader is advised to examine the plots in the appendices for more details. Here only
one representative example is shown in Figures 3-29 and 3-30 for the ascending and des-
cending data, respectively, using the same leveling benchmark (UG-80). For the sake of
brevity, the two types of PS points will be called “ascending” and “descending” PS
points.

Figure 3-29. Comparison of the leveling data at benchmarkUG-80 and the surface de-
formation registered at ascending PS points within (a) 100 m and (b) 200 m from the
benchmark. The horizontal axis shows days, where the 0 is at the time of the May 2006
leveling survey. The vertical axis shows surface change in mm, with the 0 attributed to
the first survey in June 2003. Blue lines and dots show data from the RADARSAT as-
cending PS points in the LOS direction. Red triangles show the leveling data (i.e,
ground-based measurements of vertical deformation only). Red line shows the leveling
measurements projected onto the LOS in case the deformation is only vertical - see Fig.
3-31 and related text for more details.

Source:?
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Figure 3-29. Continued (b).

Souree ?
Note in Fig. 3-29b that more PS data are captured within 200 m from the benchmark
than within 100 m, and they spread out more, which is not unexpected. The difference is
small for this particular benchmark. Examples of larger differences can be found in Ap-
pendix A. The PS measurements (blue lines and dotes) in Fig. 3-29 agree very well with
the leveling data projected onto the LOS (red line), and the noise level is very low. For
this particular benchmark, the average LOS rates from the PS within 100 m is —19.1
mm/yr and from the PS within 200 m is —18.8 mm/yr, a statistically insignificant differ-
ence. The leveling change at UG-80 is —20.39 +£0.55 mm/yr and thus, in the LOS direction
for the ascending geometry (see Table 3-2-6), after a multiplication by cosd=0.90, is —
18.35 mm/yr. This is the value with which the PS rates have to be compared, and they
are not different by any significant amount. Since only vertical motion is assumed for
the benchmark (red line), this means that for all practical purposes, in the ascending
geometry, there is no obvious indication for horizontal movements.

Fig. 3-30 shows the same type of comparison as in Fig. 3-29, and for the same benchmark
(UG-80), but with the descending PS points. In this case the PS data are also rather
tightly clustered around the benchmark leveling data projected onto the LOS direction
(red line). In Fig. 3-30 the red line is more obviously above the leveling measurements
(red triangles) compared with Fig. 3-29, because the descending geometry captures a
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smaller portion of the vertical movement. From Tables 3-2-6 and 3-2-7 above, it is easy to
see that vertical movements are projected onto the LOS with a factor of 0.69 for the des-
cending orbit. This is comparable to the factor for the east component, 0.71 (i.e., captur-
ing a W-E horizontal movement) that is quite larger than the same factor for the ascend-
ing orbit, 0.42. So, the leveling rate of —20.39 mm/yr is projected onto the LOS direction
for the descending geometry as —14.07 mm/yr. The rates from the PS points are —10.34
mm/yr and -10.56 mm/yr within 100 m and 200 m from the benchmark, respectively.
(The 200 m version is not shown in Fig. 3-30, because it looks the same as that shown for
100 m.) Thus, for the descending geometry, the PS curves (blue lines) remain above the
LOS leveling curve (red line), i.e., with smaller slopes, which is somewhat visible in Fig.
3-30. As it will become clear from Figure 3-31 below, this indicates a movement east-

ward.

Figure 3-30. Same as Fig. 3-29, but with the descending PS points within 100 m from UG-80. This
is very similar to the plot with PS within 200 m (not shown).
Source:

The results presented in Figs. 3-29 and 3-30 are representative of the results for most
other benchmarks in terms of the very good match between the leveling rates and the PS
deformation rates and can be thus considered rather typical for the RADARSAT results.
(See Appendices A and B). In addition, a number of the PS points are away from bench-
marks and still show similar smooth deformation changes with little noise. This vali-
dates the value of the PS InSAR to probe areas that are not surveyed in any other way.
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Figure 3-31. Projection of the leveling data (red triangles) onto RADARSAT LOS (red and
blue lines). The numbers marking the different curves indicate hypothetical horizontal
W-E movements in mm/yr, with positive numbers for movements to the east and nega-
tive numbers for movements to the west. Top - ascending, bottom - descending.

Figs. 3-29 and 3-30 showed the projection of the leveling data onto the LOS (red lines),
assuming that the benchmark moves only vertically. However, as it has become clear in
Section 3.1, it is quite possible that a horizontal movement also takes place for both the
benchmark and the PS points. Figure 3-31 shows schematically how the projected LOS
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rates change for the same vertical movement as indicated by the leveling measurements,
but for different hypothetical horizontal movements to the east and to the west. The as-
cending geometry is shown on top of Fig.3-31 and the descending on the bottom. The
spread is larger for the descending geometry because it is more sensitive to W-E move-
ments (factor 0.69 for descending vs. 0.42 for ascending — see Tables 3-2-6 and 3-2-7). The
LOS projection assuming only vertical movement (i.e., W-E horizontal movement is 0
mm) is the same as the red lines shown in Figs. 3-29 and 3-30, as well as in all figures in
Appendices A and B.

In view of the above, if the PS points around a given benchmark align closely onto the
red lines for both the ascending and descending geometries, it is reasonable to assume
that the movement is mostly vertical. However, if there is some deviation from the red
line, especially in the descending case where the W-E movement is captured more sensi-
tively, one could use these models to estimate the possible W-E movements. Thus from
the models shown in Fig. 3-31, it follows that Fig. 3-30 indicates eastward movement at
that particular benchmark, as suggested by the smaller slopes of the blue curves versus
that of the red line. As a reminder, all considerations so far remain relative to S-1246.

In Fig. 3-31 it is interesting to observe how complex the interplay between vertical and
horizontal movements can be. The benchmark leveling rate in this example is —24.2
mmy/yr, for which the LOS projection is —16.70 mm/yr. Note that for the descending
geometry, the addition of a hypothetical eastward horizontal movement of +30 mm/yr
(eastward) results in a LOS movement towards the satellite (i.e., the “+30” line is with a
positive slope), while all other lines indicate a LOS movement away from the satellite.

Figure 3-32 shows maps of the differences between the LOS leveling rates assuming only
vertical movement and the PS deformation rates, for all benchmarks with PS points
within 200 m. The differences were first calculated in LOS and then projected on W-E.
They are thus indicative of W-E horizontal movements in the vicinity of the benchmarks.
Both the ascending and descending geometries are represented in the figure. Ideally, W-
E components deduced from either the ascending or descending PS in the vicinities of
the benchmarks should be the same. However, the descending geometry is more sensi-
tive in this respect. The overall patterns from the two geometries are similar, and for the
most part westward movements are grouped separately from the eastward movements,
as it should be. However, there are some exceptions that would need further investiga-
tion. These plots represent a different way of presenting the more detailed information
previously shown in Fig. 3-28 (using only PS points), with a focus here on the vicinities
of benchmarks. The overall patterns of eastward and westward movements are similar
between the two figures (Figs. 3-32 and Fig. 3-28), as expected.

In addition, in Section 3.1 an extensional model was deduced from the regional tectonic

movements, indicating W-E movements between —1to —2 mm/yr (i.e., to the west) in the
western part of Fig. 3-1-3 and up to +5 mm/yr (i.e., to the east) in a large part of that plot,

63



with increasing values eastward. Obviously horizontal movements associated with the
geothermal activity would be superimposed on the regional movements — they are likely
to be larger and in places, in the opposite direction of the tectonic movements, due to the
traction of the overall subsidence in the geothermal field.

In view of the above, it is reasonable to assume that by bringing together the RADAR-
SAT PSInSAR™ results, ground-based leveling data, and GPS measurements, a more
detailed model is possible for quantifying the interplay between regional tectonics and
geothermally induced local movements in both the vertical and horizontal directions.
However, this vast subject falls outside the scope of this report.

Asc

S-1246

Desc

S-1246

Figure 3-32. Differences between the leveling rates projected onto the LOS and the deformation rates of the
PS points within 200 m from benchmarks. These differences are indicative of W-E horizontal movements.
Top —ascending, bottom — descending. Benchmarks are marked with triangles. Empty triangles mean that
there are no PS points within 200 m of the benchmarks. Color scale is in mm/yr. Blue colors and red-yellow
colors indicate westward and eastward movements, respectively.

Source:?
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3.3. Results From C-band ENVISAT Data (ASAR)

Similar to the RADARSAT data, ENVISAT ASAR scenes were identified for the Salton
Sea area collected from both ascending (tracks 77 and 306) and descending (tracks 84
and 356) orbits (Figure 3-33). A total of 141 scenes were ordered from the European
Space Agency, as part of an approved Category-1 research data proposal. More chal-
lenges were encountered with the ENVISAT data than with the RADARSAT data. This
difference is most likely due to the specific application of the PSI techniques used and
not to the type of data, as the ENVISAT data are of a very high quality (Figure 3-34).

Figure 3-33. Footprints of the ASAR scenes superimposed on GoogleEarth imagery.
The descending footprints (tracks 84 and 356) are shown with pink rectangles. The as-
cending footprints (tracks 77 and 306) are shown with blue rectangles. The outlines of
the Salton Sea (SSGF), Heber (HGF) and East Mesa (EMGF) geothermal fields are
shown with light blue. Yellow line shows the border between the United States and
Mexico. The large water body is Salton Sea. Source:?
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Figure 3-34. Examples of browse images from ASAR scenes from all available tracks -

descending 84 and 356 and ascending 77 and 306. Footprints of the scenes are shown

in Fig. 3-33.

Source:?
Different INSAR applications were repeatedly attempted in order to improve on the re-
sults. Here two major attempts are discussed, featuring a PSI (permanent scatterers in-
terferometry) technique and a SBAS (small baseline subsets) technique. Both of them
were different from the PSINSAR™ method used for the RADARSAT data, including the
PSI (PS interferometry) method, which although the same in concept (i.e., still using PS
points), applied different algorithms. First, the PSI was used to analyze old ERS-1/2 data
(1993-2000) and ENVISAT ASAR data from tracks 77 (ascending) and 84 (descending),
covering the period from the beginning of ENVISAT data availability (in 2003) until
mid-2007. A more recent application used longer time series of all available data, from
2003 until early 2009. Finally, a SBAS technique was also used on all available data from
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tracks 77 (ascending) and 356 (descending). This last application yielded better results
than the PSI, but still noisier than desired.

3.3.1. Results From the Application of the PSI Technique

Although this section describes mainly results from ENVISAT, it is worth reporting
briefly on some results that were obtained from the analysis of older ERS-1/2 data (1993-
2000). The first application of the PSI algorithm in this project featured these ERS data
(from a descending orbit) and ENVISAT data between 2003 and mid-2007. For the latter
period, 28 scenes of Track 84 (descending) and 27 scenes of Track 77 (ascending) were
available. Not all of these images were used eventually, as this PSI application put a re-
striction of the maximum perpendicular baseline for the interferograms, in an effort to
reduce noise. Table 3-3-1 shows some characteristics of the data used in this earliest ap-
plication.

Table 3-3-1. Parameters of SAR scenes used in the PSI analysis

Orbit ERS Track 356, |ENVISAT Track 77,| ENVISAT Track 84,
Information Descending Ascending Descending
Start Date 2 Mar, 1993 30 Nov, 2003 4 May, 2003
End Date 15 Sep, 2000 4 Mar, 2007 4 Mar, 2007
[Master Date 17 Aug, 1995 1 Aug, 2004 27 Feb, 2005
Number of Scenes Used 20 24 21
hr?;gest Perpendicular Base- 380 m 971 m 1264 m
Largest Temporal Baseline |1856 days 945 days 735 days
SCR Threshold 2.0 2.0 2.0

Source:?

Figure 3-35 shows an example of time series of interferograms obtained in this analysis.
The PSI method used to identify PS points was first StaMPS (Hopper et al. 2004; Hooper
and Zebker 2007), and then an improvement on it, a maximum-likelihood method
(MLM) expected to identify more PS points (Shanker and Zebker 2007). Deformation
rates at the PS points identified in the latter application are shown in Figure 3-36. They
were extracted from the scenes listed in Table 3-3-1. Fig. 3-36 shows that a number of PS
points were identified in and in between the agricultural fields of the study area (2163
descending PS and 726 ascending PS). Much more PS points were identified away from
the agricultural areas (e.g., bottom left and top right corners of Fig. 3-36a). However,
these PS points are away from the geothermal fields and are thus not of interest in this
project. These relatively dry areas can be studied with regular DInSAR if necessary, and
PSI application are likely not needed.
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Figure 3-35. Time series of individual interferograms used to extract the rates shown next in Fig. 3-36a.
Source:?
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Figure 3-36. Surface deformation rates (mm/yr) in the LOS (line-of-sight) direction over the Sal-
ton Sea geothermal field, relative to S-1246 (yellow triangle). Colored points are permanent
scatterers, PS. Negative values (red) imply movement towards the satellite, and positive values
(blue) indicate movement away from the satellite, likely associated with subsidence. Extracted
from (a) 1993-2000 ERS SAR, descending (track 356) data, look angle ~23°% (b) 2003-2207 ENVI-
SAT ASAR, descending (track 84) scenes, look angle 21.7°%; and (c) 2003-2007 ENVISAT ASAR,
ascending (track 77) scenes, look angle 21.7°.

Source:?
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Figure 3-36. Continued (b) and (c).
Solirce ?
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The focus is placed next on the results from the ENVISAT ASAR data. The good news
about these results is that a number of PS points were identified with steady deforma-
tion away from the satellite over time, just as expected in an area of predominant subsi-
dence. Figure 3-37 shows an example where deformation rates from both descending
and ascending PS points are compared with the leveling rates measured at nearby
benchmarks. It is reassuring that steady movement is indicated over time away from the
satellite in the LOS direction (likely mostly from subsidence), and that the results from
the ascending and descending PS are similar. However, the LOS deformation rates de-
rived from the ASAR are significantly lower than the rates from the benchmark leveling
surveys. Because the look angle is so steep for the ASAR scenes, at ©=21.7° (both ascend-
ing and descending), the benchmark leveling rates projected onto LOS are decreased on-
ly by a factor of cosd = 0.93 and are thus not very different from the vertical deformation
rates measured directly by the leveling. So, the differences between leveling and PS de-
formation rates cannot be accommodated by projecting on LOS.

~46 m east (tr 84) and ~46 m west (tr 77)
from UG-70 and U-5
€ 15
& 1 e
E -g * ot ““’7“4’9’0 .
5} *a
= -15 >
% -25 - A
=S -39
D 45 ‘ = ‘
a)
03/20/03 08/01/04 12/14/05 04/28/07
UG-70 Benchmark A U-5 Benchmark
‘ ENVISAT Descending ENVISAT Ascending

Figure 3-37. Example of subsidence measured at adjacent leveling benchmarks
UG-70 and U-5, along with the nearest ENVISAT PS time series. Leveling data are
also representative in the LOS direction due to the steep look angle (~22°).

Source:?
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Similar discrepancies
were observed for nu-
merous other PS
points. To simplify the
comparison of PSI re-
sults and the leveling
data, a linear regres-
sion was applied to the
PS deformation time
series for each PS
point, and the respec-
tive LOS deformation
rate was determined as
the slope of the fitted
straight line. Unlike
the PS points deter-

mined for the RA-

DARSAT data, a num-
Figure 3-38. Time series of deformation (in mm) relative to ber of PS Pomts in this
S-1246). Horizontal axis is time measured in days since May PSI analysis are rather
4, 2003. Benchmark observations are marked by triangles noisy and possibly

and descending PS measurements Wi_thin 150 m .of th.at random. The root
benchmark are marked by lines and circles. Vertical lines

mark the occurrence times of the M5.1 earthquake in Sep- mean squared error
tember 2005 and associated fore- and aftershocks. (RMSE) was used to

Source:? rank the goodness-of-

fit to straight lines and
only PS points with the least noisy time series were used for comparison with the de-
formation rates from leveling. Figure 3-38 shows an example of deformation time series
for descending PS within 150 meters of a benchmark. The figure suggests that this
benchmark subsides about twice faster than the descending PS points in its vicinity. This
discrepancy is typical for other benchmarks as well. In addition, for any given bench-
mark, the ascending PS points in its neighborhood tend to show smaller deformation
rates than the descending PS.

Figure 3-39 compares the benchmark deformation rates with the LOS deformation rates
of the descending PS points, where the noisy PS (RMSE>6 mm/yr) are ignored. Two col-
or scales are used for the PS (circles) and the benchmark (triangles) deformation rates.
Since both are adjusted to the maxima and minima of their respective time series, the
color hues can be directly compared to see if similar spatial patterns are suggested. The
tigure shows that, for most of the study area (except in its northeastern part), the spatial
pattern of deformation is similar for the PS and the benchmarks. So, the differences are
more systematic than random. Thus the PS results are still useful, albeit limited. Similar
results are obtained for the ascending PS as well (not shown), although the difference
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between PS and leveling rates is described by a different factor. Table 3-3-2 below shows
estimates of the factors by which the PS and benchmark deformation rates differ.

Figure 3-39. Deformation rates for benchmarks (triangles) and descending
PS (circles). Only PS locations with RMSE < 6 mm/yr are plotted. Color
scales on left and right show benchmark and mean PS deformation rates in
cm/yr, respectively. Black circle shows M5.1 epicenter location. Gray line
through it shows strike of earthquake swarm. Red arrow denotes location of
the reference benchmark (S-1246). Black arrow points to a benchmark,
whose deformation time series was shown in Figure 3-38.

Satiree?

Table 3-3-2. Factors describing the difference between leveling and PS rates

Orbit maximum dis- | ) 95% Cl of b
tance (m)

300 1.62 (1.41,1.84)

Ascending 100 1.31 (0.62, 2.01)

50 1.91 (0.11, 3.70)

300 2.40 (1.87,2.93)

Descending | 100 2.34 (2.08, 2.61)

50 2.40 (1.87, 2.93)

Note: The table shows the slopes from the regression equations )7 =a+bx, where )7 are the
benchmark deformation rates, and X is the observed mean of LOS deformation rates at PS loca-
tions within a specified distance from the benchmarks (300 m, 100 m, and 50 m). The 95% confi-

dence intervals for b are shown in the last column.
Source:?

Table 3-3-2 shows that the ratios of benchmark-to-PS rates over most of the study area
are on average ~1.6 and ~2.4 for the ascending and descending PS points, respectively.
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However, the northeastern part of the study area and two benchmarks to the southwest
are exceptions.

Desc

Figure 3-40. Projection of leveling data (red triangles) onto descending ENVISAT LOS
(red and blue lines). The numbers marking the different curves indicate hypothetical
horizontal W-E movements in mm/yr, with positive numbers for movements to the east

and negative numbers for movements to the west.
Source:?

Similar to the analysis of the RADARSAT data, it is possible in principle to combine the
information from the ascending and descending ENVISAT PS in order to resolve the
vertical and the W-E horizontal motion. For the ENVISAT data, the sensitivities of the
ascending and descending geometries to these movements are similar, with a factor of
c0sd=0.93, because the look angles in both geometries are d=21.7° (and not different like
for the RADARSAT data). Figure 3-40 shows the sensitivity for the descending ENVI-
SAT geometry, when hypothetical horizontal W-E movements are added to the vertical
benchmark movements measured by the leveling. The appearance of the plot for the as-
cending geometry is the same (not shown): only the signs of the labels would be re-
versed. Both are similar to the RADARSAT ascending geometry (Fig. 3-31, top). The sen-
sitivity to the W-E horizontal movements is measured with a factor of 0.36, i.e. close to
twice lower than descending RADARSAT (0.69). Although such modeling was at-
tempted, results are not shown due to the poor agreement between PSI deformation
rates and the rates estimated from the benchmark leveling.
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It was assumed that the discrepancies were due to inadequate unwrapping, so the hope
was that improvements are possible in a next round of analysis, where more ASAR data
were added to the time series after mid-2007 until early 2009. In general, PSI accuracy
improves with longer time series. However, this did not happen in this study, and the
desired results were not achieved. Instead, including more data worsened the disagree-
ment between PS and leveling rates. For this reason, another approach, different from
PSI was further attempted, SBAS, as described below.

3.3.2. Results From the Application of the SBAS Technique

In this case, all suitable ASAR data from ascending track 77 and descending track 356,
covering the period March 2003-January 2009, were analyzed. An example of comparing
SBAS and leveling rates is shown in Figure 3-41 (ascending) and 3-42 (descending). In-
stead of PS points, here SBAS cells of a 90-m spatial resolution are used. The example is
for the same benchmark, UG-80, as in Figs. 3-29 and 3-30 showing the RADARSAT re-
sults in the previous section (Section 3.2). Appendices C and D include plots for all
benchmarks, comparisons with the ascending and descending SBAS deformation rates,
respectively.

AsC a

Figure 3-41. Comparison of the leveling data at benchmarkUG-80 and the SBAS ascend-
ing deformation time series within (a) 200 m and (b) 200 m from the benchmark. The
horizontal axis shows days, starting from the time of the leveling survey in June 2003
and the first ASAR data used. The vertical axis shows surface change in mm. Blue lines
and dots show data from the ENVISAT ascending SBAS results in the LOS direction.
Red triangles show the leveling data (i.e, ground-based measurements of vertical de-
formation only). Red line shows the leveling measurements projected onto the LOS di-
rection, assuming the deformation is only vertical. Refer to Fig. 3-40 for assumptions
including horizontal movements.

Source:?
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Asc

Figure 3-41. Continued (b).

Source:?
Figure 3-41 shows that there are some SBAS cells near the benchmark with relatively
good agreement with the LOS benchmark deformation (red line). However, the agree-
ment rapidly deteriorates, and the spread that is seen does not necessarily correlate with
distance; that is, even SBAS very close to the benchmark can exhibit very different rates,
(See Fig. 3-41a, within 100 m.) Figure 3-42 shows the same as Fig. 3-41, but for the des-
cending geometry. There is an improvement in this case, as the spread is smaller.

Although it is encouraging that some SBAS results agree with the leveling measure-
ments, the example shown in Figs. 3-41 and 3-42 is among the best scenarios and is not
particularly representative for other benchmarks. Plots like these two figures can be
found in Appendices C and D for the remaining benchmarks.

Figure 3-43 shows velocity maps (deformation rates) calculated from the SBAS results.
Although most features of the overall pattern agree with what is expected from previous
results, many of the velocities are likely underestimated (i.e. SBAS slopes are often
smaller than those of the red lines — see Figs. 3-41 and 3-42, as well as Appendices C and
D).
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Desc

Desc

Figure 3-42. Same as Fig. 3-41, but for the descending orbits.

Sotirce?
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Asc

S-1246

Desc

S-1246

Figure 3-43. Maps of deformation rates at SBAS cells. Top — as-
cending, bottom — descending. Benchmarks are shown with trian-
gles. Color scale marks LOS rates in mm/yr, referenced to S-1246.
Source:?
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3.4. Results from L-band PALSAR (ALOS Satellite)

The Advanced Land Observing Satellite (ALOS) is Japan's new-generation Earth Obser-
vation satellite, launched in January 2006 by the Japan Aerospace Exploration Agency —
JAXA (e.g., Rosenqvist et al. 2007). In addition to two optical instruments, ALOS carries
an L-band Synthetic Aperture Radar (SAR), the so called Phased Array L-band SAR
(PALSAR). PALSAR is a successor of an earlier L-band SAR instrument onboard the
Japanese Earth Resources Satellite (JERS-1) that operated in the period 1992-1998. Com-
pared with JERS-1, the PALSAR instrument provides enhanced sensor characteristics,
including full polarimetry, variable off-nadir viewing, and ScanSAR operations, as well
as significantly improved radiometric and geometric performance. The ALOS repeat
cycle is 46 days. After the initial calibration phase, the satellite started operating for real
in October 2006, and since then PALSAR scenes have been available, including a number
of images collected over Imperial Valley.

Because the longer wavelength (23.6 cm) of L-band penetrates vegetation much better
than C-band, it was of great interest to attempt detecting surface deformation in the
agricultural fields using regular differential INSAR (DINnSAR). A number of data had
been already collected in the period 11/05/2006 - 04/28/2008, from which 47 interfero-
grams could be formed. Coherence turned out to be rather good in non-vegetated areas,
like East Mesa, which is not surprising, because even C-band worked well in this area
(Masonnet et al. 1997). However, the coherence turned out to be poor around the Salton
Sea and Heber geothermal fields. Non-vegetated areas showed coherence for the longest
time span available (~2 years), for perpendicular baselines < 1,500 m. Some phase fringes
were visible for longer baselines as well (up to 3,600 m), but coherence was poor.

3.4.1. DInSAR Method

The freely available Sandwell/Mellors ALOS processing code (e.g., Price and Sandwell
1998) was used to create interferometric images from available ALOS data. The National
Elevation dataset (NED) was used to correct for topographic effects. There are data col-
lected over Imperial Valley from both descending and ascending orbits (Figure 3-44).
The primary data used were of fine-beam single type (FBS - single polarization, 10-m
resolution, 70-km swath). Fine-beam dual (FBD - dual polarization HH+HV20-m spatial
resolution) data were also used when available. Table 3-4-1 shows the scenes used. Inter-
ferograms were also calculated from FBS-FBD and FBD-FBS combinations, but their
quality is not good. All possible interferograms with similar polarization (HH) were
generated, including FBD-FBS combinations achieved by over-sampling the FBD data in
order to match the FBS data. Cross-polarimetric images (HH-HV) were also tested, but
they showed lower coherence than HH-HH and are therefore not presented. Table 3-4-2
shows the interferograms formed and analyzed.

Due to the poor correlation in many interferograms, in an attempt to extract useful sig-

nal, considerable efforts were devoted to testing various filters and unwrapping
schemes, especially near the Salton Sea and Heber geothermal fields.
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3.4.2. Results

The East Mesa geothermal field, as well as the Cerro Prieto geothermal filed in Mexico to
the south, were clearly imaged on several interferograms with time spans greater than
0.5 years. Figure 3-45 shows an example. Interferograms with a time span of 1 to 3
months showed no clear signal, even when correlation was excellent over East Mesa —
likely because not much surface change occurs over such a short time span. Some indica-
tions were seen near the Heber geothermal field, but no specific signal could be ex-
tracted (Figure 3-46). It might have been possible to measure surface change if an inter-
ferometric pair existed with sufficient time span to create a measureable signal (e.g. >
0.75 year), yet short enough to allow correlation, as well as with a short vertical baseline (<
750 m). However, at present there was no such combination available, although it may
be collected in the future as ALOS continues to be in operation.

Figure 3-47 shows results from the Salton Sea geothermal field. No signal could be cap-
tured here. The observation of linear streaks of high coherence suggests that it might be
possible to monitor surface deformation along these streaks only. However, standard un-
wrapping and filtering techniques do not work for this purpose at present, even for L-
band. Evidently, the longer wavelength of the L-band is less sensitive to the relatively
small surface deformation, so a longer time span is necessary to capture a signal. Howev-
er, this longer time span negates any improvement in coherence over time.

In summary, although clear signals could be seen over East Mesa and Cerro Prieto
(where C-band has also worked before), the L-band PALSAR data from the ALOS satel-
lite did not prove useful in the attempted DINSAR application to the geothermal fields in
the vegetated areas.

Figure 3-44.Maps showing coverage of descending data (left - paths 532 and 533) and as-
cending data (right - paths 211, 21, and 215). Yellow triangles denote geothermal areas in
Imperial Valley. The open triangle shows the location of the Cerro Prieto geothermal field
in Mexico.

Source:?
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Table 5.1Primary ALOS data used

in the st

Figure 3-45. Left - Full unwrapped and masked interferogram (unwrapped phase) with the
strongest signal observed. Subsidence signals associated with both East Mesa and Cer-
ro Prieto in Mexico are clearly visible. Strong decorrelation exists over the vegetated
areas, except for narrow streaks that are aligned with field edges, possibly associated
with canals and streets. Right - Close-up of signal associated with the East Mesa field
showing phase, correlation, amplitude, and LOS range change per year in cm/yr. The two
plots on the top show deformation rates along S-N and a W-E profiles passing through
the East Mesa geothermal field. Source:?

Figure 3-46. Image centered
on the Heber geothermal
field. The wrapped phase
shows possible indications
of subsidence, but it is not
obvious in the unwrapped
LOS signal, likely due to
unwrapping difficulties in
areas with isolated phase.
Source:?
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Figure 3-47. Interferogram covering the Salton Sea geothermal area. This area is particularly
difficult to image due to rapid decorrelation over time. Farm fields seem to display varying
elevations in images with correlation, possibly due to vegetation growth or variations in
soil moisture.

Source:?
Table 3-4-1. Primary ALOS data used in the study (A and D — ascending and descending

orbits, respectively)

path frame  orbit beam orb. date cen.lat cen.long
211 640 10447 FBS A JAN-10-2008 06:09:16 32.69 -115.15
211 640 7763 FBD A JUL-10-2007 06:10:23 32.67 -115.15
211 640 5079 FBS A JAN-07-2007 06:10:14 32.69 -115.19
211 650 10447 FBS A JAN-10-2008 06:09:24 33.18 -115.25
211 650 7763 FBD A JUL-10-2007 06:10:31 33.17 -115.26
211 650 5079 FBS A JAN-07-2007 06:10:22 33.18 -115.29
212 640 12037 FBD A APR-28-2008 06:09:47  32.69 -115.67
212 640 10024 FBS A DEC-12-2007 06:11:41 32.66 -115.68
212 640 8682 FBD A SEP-11-2007 06:12:20 32.67 -115.69
212 640 7340 FBD A JUN-11-2007 06:12:34 32.67 -115.70
212 650 12037 FBD A APR-28-2008 06:09:55  33.18 -115.77
212 650 10024 FBS A DEC-12-2007 06:11:49  33.16 -115.78
212 650 8682 FBD A SEP-11-2007 06:12:28 33.16 -115.79
212 650 7340 FBD A JUN-11-2007 06:12:42 33.16 -115.80
532 2950 10877 FBS D FEB-08-2008 18:09:24 33.19 -115.22
532 2950 9535 FBS D NOV-08-2007 18:10:19  33.18 -115.21
532 2950 5509 FBD D FEB-05-2007 18:10:49 33.19 -115.19
532 2950 4167 FBS D NOV-05-2006 18:10:06  33.18 -115.18
532 2960 14903 FBS D NOV-10-2008 18:09:42  32.69 -115.28
532 2960 10877 FBS D FEB-08-2008 18:09:33 32.69 -115.32
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532 2960 9535 FBS
532 2960 5509 FBD
532 2960 4167 FBS
533 2950 11125 FBS
533 2950 10454 FBS
533 2950 9783 FBS
533 2950 4415 FBS
533 2960 11125 FBS
533 2960 10454 FBS
533 2960 9783 FBS
533 2960 4415 FBS

Source:?
Table 3-4-2. Interferograms generated

NOV-08-2007 18:10:27
FEB-05-2007 18:10:57
NOV-05-2006 18:10:14
FEB-25-2008 18:11:20
JAN-10-2008 18:11:54
NOV-25-2007 18:12:20
NOV-22-2006 18:12:24
FEB-25-2008 18:11:28
JAN-10-2008 18:12:02
NOV-25-2007 18:12:28
NOV-22-2006 18:12:32

O 0000000000

Path Frame Pair (yyyymmdd) Time Perp. Orb
Span, yrs Base (m)

P532 2960 20061105_20081110 2.014 24
P533 2960 20071125_20080110 0.129 275
P533 2950  20071125_20080110 0.129 279
P533 2960 20080110_20080225 0.126 489
P533 2950 20080110_20080225 0.126 497
P212 640 20070911_20071212 0.252 560
P212 650 20070911_20071212 0.252 568
P212 640 20070611_20070911  0.252 586
P212 650 20070611_20070911  0.252 588
P533 2960 20071125_20080225 0.255 765
P533 2950  20071125_20080225 0.255 776
P211 640 20070710_20080110 0.507 870
P211 650 20070710_20080110 0.507 884
P532 2960 20071108_20080208 0.254 946
P532 2950  20071108_20080208 0.254 955
P532 2960 20070205_20071108 0.756 1048
P532 2950  20070205_20071108 0.756 1067
P212 640 20070611_20071212 0.504 1146
P212 650 20070611_20071212 0.504 1156
P212 640 20071212_20080428 0.377 1439
P212 650 20071212_20080428 0.377 1452
P532 2960 20070205_20081110 1.762 -1641
P532 2960 20061105_20070205 0.252 1655
P532 2950  20061105_20070205 0.252 1659
P212 640 20070911_20080428 0.629 1994

P532 2960 20070205_20080208 1.01 1994
P212 650 20070911_20080428 0.629 2015
P532 2950  20070205_20080208 1.01 2022

>o0>»0>»00o0>»>»>»>»0O0D0CO>»>»0O0>»>»>»>» 00000

P211 640 20070107_20070710 0.504 2518
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32.69
32.70
32.68
33.18
33.18
33.21
33.18
32.69
32.69
32.71
32.69

Mode
1

FBS
FBS
FBS
FBS
FBS
FBD
FBD
FBD
FBD
FBS
FBS
FBD
FBD
FBS
FBS
FBD
FBD
FBD
FBD
FBS
FBS
FBD
FBS
FBS
FBD
FBD
FBD
FBD
FBS

-115.31
-115.30
-115.28
-115.76
-115.75
-115.74
-115.71
-115.86
-115.85
-115.84
-115.82

Mode

FBS
FBS
FBS
FBS
FBS
FBS
FBS
FBD
FBD
FBS
FBS
FBS
FBS
FBS
FBS
FBS
FBS
FBS
FBS
FBD
FBD
FBS
FBD
FBD
FBD
FBS
FBD
FBS
FBD

Pol/angle

HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3
HH/34.3



P211
P212
P212
P532
P532
P533
P533
P533
P533
P211
P211
P532
P532

650
640
650
2960
2950
2960
2950
2960
2950
640
650
2960
2950

Source:?

20070107_20070710
20070611_20080428
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3.5. Potential of L-band UAVSAR

In this project, the initial intention was to demonstrate the use of airborne SAR in addi-
tion to SAR data collected from satellites. The airborne SAR instruments date back to the
1950’s, starting from the military and moving onto the commercial scene. Details on air-
borne SAR are given in Jakowatz et al. (1996). It was previously assumed that while air-
borne InSAR is more accurate for topographic measurements than the spaceborne In-
SAR, DInSAR used for surface deformation works only from spaceborne platforms as in
the absence of winds their trajectories are much more stable and better defined than
those of airplanes. However, contemporary GPS systems make it quite possible to apply
DInSAR using airborne data as well.

There exist a number of airborne SAR systems. An example of recent advances is the
Lynx system, designed to be mounted on both manned and unmanned (e.g., Predator)
aerial vehicles. The operating wavelength is ~2 (i.e., so-called Ku-band), providing ~10
cm resolution imagery at distances of up to 55 km, with the Lynx flown at an altitude of
~7,600 m. This fine resolution makes it possible to detect very small surface changes,
such as footprints in sand. Most of the interest of the military for airborne SAR has
stemmed from its capability to identify target movement with high accuracy.

In this project the initial intention was to have SAR airborne data collected by the above
Ku-band system over a small area of the Imperial Valley for demonstration purposes.
Such systems, however, are likely to be with limited applications for surface changes
that take place over longer periods of time (e.g., 6-12 months), because loss of coherence
occurs much faster for shorter wavelengths. Since it became clear in the beginning of the
project that an L-band (i.e., much longer wavelength) airborne SAR system (Madsen et
al. 2005) would become available as a result of a JPL project, UAVSAR (Uninhabited
Aerial Vehicle), the research team changed its plans in the expectation that scenes will be
collected over the Salton Sea area.

Although UAVSAR images have been indeed collected over the Salton Sea, they have
not been made available yet to the public and thus their analysis could not be included
in this report. However, future opportunities for data collection and analysis were dis-
cussed with the UAVSAR project’s Principal Investigator Dr. Scott Hensley from JPL.
For the time being, brief information on UAVSAR is provided here. The reader is re-
ferred for details to the UAVSAR website (http://uavsar.jpl.nasa.gov/).

The UAVSAR project has been funded by the NASA Earth Science Technology Office
(ESTO). UAVSAR is a reconfigurable, polarimetric L-band synthetic aperture radar
(SAR), specifically designed to acquire airborne repeat track SAR data for differential
interferometric measurements of importance for the monitoring of dynamically chang-
ing phenomena. Using precision real-time GPS and a sensor controlled flight manage-
ment system, the UAVSAR is able to fly predefined paths with great precision (within
10-m diameter tube around the desired flight track). The radar is fully polarimetric, with
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a range bandwidth of 80 MHz (2-m range resolution), and supports a ~15 km range
swath. The antenna is electronically steered along track to assure that the antenna beam
can be directed independently, regardless of speed and wind direction. The UAVSAR
system nominally operates at an altitude of 45,000 ft (13,800 m).

Planning flight lines for the UAVSAR Synthetic Aperture Radar (SAR) has to be done
rather carefully. Like the spaceborne SAR systems, UAVSAR is a side-looking instru-
ment, and thus, the location of the image swath is a function of the altitude of the in-
strument, the elevation of the ground, and the angle at which the desired swath is to be
illuminated, as well as the swath width given by the radar operating mode. For the UA-
VSAR airborne instrument, the image swath is quite narrow (~ 16 km), so a relatively
small error in position can result in missing a large portion of the desired image swath.
UAVSAR collected the first data in September 2007. So far 37 past flight missions have
been listed (http://uavsar.jpl.nasa.gov/past flights.html). Several of these flights have
been planned to include the Salton Sea geothermal plants: March 3 and March 21, 2008;
May 16 and May 29, 2008. Future flights will also include coverage of the Salton Sea
area, and it may be then possible to evaluate the capability of UAVSAR to capture sur-
face deformation within the geothermal field.

An example from the May 3, 2008, flight is shown in Figure 3-48. The altitude of the
flight was 12,497 m, the ground speed 221 m/s, the actual ground swath width ~22.46
km, and the look angles near and far range ~21° and 66°, respectively.

Figure 3-48. Example of UAVSAR coverage of Salton Sea from May 3, 2008. Yellow rec-
tangle shows study area. Flight Line ID 22001 - http://uavsar.jpl.nasa.gov/flightplans/mar0308/.
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4.0 Conclusions and Recommendations

In this project InNSAR techniques were applied to satellite data from several sources in an
effort to identify surface deformation within the geothermal fields of the Imperial Valley
in Southern California. Despite some challenges, it was possible to extract valuable sur-
face displacement information from the SAR data, using a permanent scatterer InNSAR
method (PSI). The research team is not aware of any similar published results prior to
this project, possibly because the agricultural fields in the study region represent a sig-
nificant obstacle to the application of any InSAR technique. To complicate the subject
further, surface changes caused by the extraction of geothermal fluids in the Imperial
Valley are superimposed on significant tectonic movements.

The analysis in this project turned out to be extensive and complex. Although very good
results were obtained using one particular technique, a limited success with two other
techniques was also achieved. Because of the extensive testing of various methods, and
the emergence of various technical problems, only the area including the Salton Sea geo-
thermal field was fully tested, for which all possible existing satellite data were ana-
lyzed. These included C-band SAR (i.e., 5.6-cm wavelength) data from the Canadian
RADARSAT-1 and the European ENVISAT satellites, as well as L-band SAR (i.e., 23.6-
cm wavelength) data from the Japanese ALOS satellite.

The particular PSI technique used with the C-band RADARSAT-1 data was PSINSAR™
(permanent scatterers interferometric synthetic aperture radar) developed and patented
at Politecnico di Milano (Italy) and further improved at Tele-Rilevamento Europa (TRE),
which participated in this part of the project. Interferometric techniques of the PS type
make use of deformation time series extracted for numerous PS (permanent scatterers)
points in the study area. They can work in vegetated areas where conventional DInSAR
(differential InSAR) fails, especially for C-band data. The time series extracted from the
PSINSAR™ analysis were compared with leveling data provided by CalEnergy operating
the Salton Sea geothermal field. A very good agreement was obtained between these
leveling data and the satellite results in the vicinity of most leveling benchmarks. Since
RADARSAT-1 SAR data from both ascending and descending orbits have been collected
in the period 2006-2008, the different viewing geometries made it possible to make infe-
rences for horizontal movements in the west-east direction, in addition to the vertical
movements. Data from GPS stations in the greater area of the Salton Sea were also used
to get an idea of both horizontal and vertical tectonic movements, on which geothermal-
ly related displacements are superimposed. In particular, it was established that a refer-
ence benchmark used as a stable point for the leveling data is in fact likely moving both
vertically and horizontally. This may be one of the reasons that although the RADAR-
SAT-1 results obtained here are very good, the movements detected at PS points sepa-
rated by small distances exhibit significant variability. Another major reason for such
variability is the challenging conditions imposed by the extensive agriculture in the
study area.
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It is important to note that the PSINSAR™ technique applied here to the RADARSAT-1
SAR imagery is not at all data specific. As long as adequate time series of SAR scenes
exist, it can be successfully used with any other C-band SAR data, such as those from the
European ERS-1/2 and ENVISAT satellites, and even with the L-band data from the Jap-
anese ALOS satellite.

The analysis of the C-band ENVISAT data carried out in this project included the appli-
cation of two techniques. One of them was another PSI method, developed at Stanford
University, using algorithms different from the technique applied to the RADARSAT-1
data. The second method was a SBAS (small baseline interferometry) technique. Al-
though both methods have been very successful at identifying surface deformation time
series in other study areas, the particular application in the agricultural area of the Sal-
ton Sea geothermal field had limited success in terms of match to the ground-based leve-
ling data. These applications preceded the analysis of the RADARSAT-1 data in this
project, and to a large extent, the unsatisfactory ENVISAT results prompted the research
team to apply a different method with the RADARSAT scenes. However, it is most like-
ly that neither the ENVISAT data nor the techniques applied in that case were intrinsi-
cally inferior. There are many skill- and experience-dependent steps included in this
type of analysis, with subtleties and considerations to be taken into account. Given more
time for multiple runs with varying parameters, it is reasonable to assume that the PSI
method, and perhaps the SBAS technique, attempted here with the ENVISAT data,
would eventually produce results comparable to those obtained with the RADARSAT-1
data using the PSINSAR™ method.

In light of the above, the good results from the RADARSAT-1 data analysis in this
project can serve as a generic proof of the concept, that is, that PS interferometry (PSI)
can be successful in extracting informative and precise deformation time series from all
existing C-band satellite data for this area. Moreover, even though only data collected
over the Salton Sea geothermal field were analyzed in this project, there is nothing in-
trinsically different for the Heber geothermal field, in terms of similar coverage with
agricultural fields. Therefore, PS interferometry is expected to be very successful at de-
picting surface deformation in both geothermal fields. As far as East Mesa is concerned,

since it is in a dry non-vegetated area, conventional DINSAR works there as well, with
both C- and L-band SAR data.

The above conclusion is important because the RADARSAT-1 data were collected over a
limited two year time period (2006-2008) as part of a larger campaign that happened to
include the Imperial Valley region. Such data are not being currently collected over Sal-
ton Sea and do not exist prior to 2006. Also, these data were used at no cost to this
project as a special arrangement with the Alaska Satellite Facility (ASF), due to the re-
search nature of the study. However, images from RADARSAT-1 are otherwise quite
expensive. Thus even if it turns out that data acquisitions can be ordered from both RA-
DARSAT-1 (to be decommissioned in 2012) and its successor RADARSAT-2 (already in
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operation), this option may not be commercially attractive. The cost of a single standard
RADARSAT-1 SAR scene like the 39 scenes used in this study is shown at $3,600 CAD
http://gs.mdacorporation.com/products/sensor/RADARSAT/rs1 price ca.asp). This is

currently ~$3,060 U.S. Although discounts are possible if buying scenes in bulk, the cost
of data will still be high, especially with the addition of the cost of their analysis.

Therefore, if PS interferometry (PSI) is to be used in the future, the more viable commer-
cial option is to purchase and analyze ENVISAT data that have been collected over the
Imperial Valley since 2003 and continue to be collected. Such data will likely continue to
be acquired also by ENVISAT’s successor, the Sentinel satellite (planned for launch in
2011). The current commercial price of ENVISAT data is significantly lower than that of
the RADARSAT data, and older data become cheaper with time. The current price list
shows the cost of one ASAR scene at 400 Euro (currently ~$540 U.S.) - price quote from
http://www.eurimage.com. Discounts are available for multi-temporal and interferome-

try-related data.

Regular DINSAR analysis of L-band ALOS data was also attempted in this project, hop-
ing to detect surface deformation because longer wavelengths penetrate vegetation
much better than the shorter-wavelength C-band. Since DInSAR is not as computational-
ly intensive as the PS interferometry methods, a much larger area could be studied in a
reasonable amount of time, including all three operating geothermal fields in the Im-
perial Valley, and even the Cerro Prieto geothermal field further south in Mexico. No
signals were detected over the Salton Sea and Heber geothermal fields. Deformation was
detected in East Mesa and Cerro Prieto, but even C-band DInSAR has previously
yielded results, due to the relatively dry and less vegetated surroundings of these geo-
thermal fields. Since quite a few ALOS SAR (PALSAR) scenes have been and continue to
be collected over the Imperial Valley, it may be possible in the future to detect deforma-
tion over Salton Sea and Heber by applying a PSI technique to these data as well. Mostly
C-band PS interferometry applications have been reported in the literature, but if a time
series of L-band ALOS data exists (at least 15 scenes), nothing precludes the application
of the PS techniques to L-band. The price of the ALOS PALSAR data is comparable or
lower than that of the ENVISAT ASAR data.

It is also conceivable that useful L-band SAR data from the airborne UAVSAR system
may become available in the near future over the study area that might make it possible
to detect surface deformation. With time, it is possible to envision collecting data on de-
mand over areas of interest. If commercial systems of this type become available, their
data will likely be more expensive than the data from the ENVISAT satellite and its suc-
cessors. However, costs may decrease in the future with more widespread use and de-
mand for such data.

The agricultural fields of the Imperial Valley rendered traditional DInSAR useless for C-
band, but they presented a challenge even to the PSI techniques. So, it is reasonable to
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expect that if PSINSAR™ has worked under those challenging conditions, it will likely
produce valuable results in most geothermal fields in other areas as well. For the pur-
pose of continued monitoring using a PS interferometry technique, a plausible commer-
cial scenario for any geothermal field is as follows. First acquire all, most, or some of the
available ENVISAT data collected since 2003 as a one-time investment. Then purchase
up to 10 scenes per year for each of a descending and ascending orbit (i.e., a total of up
to 20 scenes), where available. This estimate is based on the fact that scenes can be only
collected at 35-day intervals and not all data may be suitable for the analysis. However,
in any case, there will likely be more scenes per year compared with only one annual
leveling survey currently carried out at the geothermal fields of the Imperial Valley. The
combination of ascending and descending ENVISAT data, where possible, can provide
information on both horizontal and vertical movements, while the leveling measure-
ments are only informative for the vertical movements at the benchmark locations. In
the case of the Imperial Valley, data from both geometries have been so far available and
will likely continue to be acquired even without special ordering. However, if necessary,
future data acquisitions can be specifically ordered. In this scenario, once a year, both
the data purchase and the PS interferometry processing, would be contracted out by the
geothermal company interested in such analysis. The data processing would have to be
performed by professionals specifically trained in such type of analysis. Not only com-
mercial software is expensive, but the use of any algorithms of this type is rather com-
plex and their application internally at the geothermal companies seems unlikely. This is
especially true because such analysis is likely to be needed only once per year for any
geothermal field.

It is conceivable that if satellite SAR data are available over an area of interest, as they
are over the Imperial Valley, and a satisfactory density and spatial distribution of PS
points is achieved, an annual PS interferometry processing of the newly accumulated
SAR scenes each year can completely replace the need for leveling surveys. However, if
PS analysis and ground-based measurements are to complement each other, it may be
good to coordinate the installation of benchmarks in such a way, that more of them are
placed where PS points are lacking, and fewer of them are installed where there is an
abundance of PS points. Better yet, GPS stations can be installed in order to provide
ground-based information on both vertical and horizontal movements, unlike the leve-
ling measurements that reflect only the vertical movements. Even one GPS station to be
used as a reference in a geothermal field can be very valuable. Furthermore, if PS points
are lacking in areas of interest and it is desirable to increase their density, it is possible to
create such PS by installing specifically designed objects, such as corner reflectors.

Most of the above recommendations are not specific to any particular geothermal field.
A recommendation specific to the Salton Sea geothermal field concerns the choice of the
benchmark used as a reference (S-1246) in the leveling surveys. The same point was as-
sumed to be motionless also in the PS interferometry analyses, so that satellite results
and leveling measurements could be compared. As discussed before, there is evidence
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that this benchmark is not stable, but both subsides and moves horizontally. The amount
by which S-1246 moves was deduced, with uncertainty, from the measurements at GPS
stations outside the Salton Sea geothermal field and from a discrepancy between the rel-
ative measurements at another leveling benchmark (RED-1) and a nearby GPS station
(P507 from the regional PBO GPS network). Since it is unlikely that a truly motionless
point could be found in or near the geothermal field, perhaps it will be better to use
RED-1 as reference in the future leveling surveys instead of S5-1246. It is assumed that if
absolute measurements were possible at RED-1, they would be very close to those regis-
tered at the nearby P507 GPS station.

In conclusion, permanent scatterer interferometry (PSI) appears to be a valuable and ac-
curate tool for measuring deformation rates at geothermal fields, with the potential for
much denser temporal and spatial coverage than that provided by ground-based mea-
surements. It is thus recommended that geothermal operators look seriously into this
new technology, as it is capable of providing better observations than those supplied by
ground-based surveys. A comparative cost analysis is outside the scope of this project,
but cost may be comparable between the two approaches or even lower for PS interfe-
rometry, while better coverage is achieved.

Since good results were obtained in a challenging agricultural area such as that where
the Salton Sea geothermal field is located, it is reasonable to assume that most fields in
vegetated areas of California can greatly benefit from the application of similar PSI tech-
niques. Thus, this study is beneficial to the planning of deformation monitoring in any
other geothermal fields in California, and in particular fields amidst vegetation, that
might have been so far considered out of reach for InSAR.
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APPENDICES

The following pages show individual plots for all leveling benchmarks used by CalEner-
gy at the Salton Sea geothermal field.

Horizontal axes show time in days, and vertical axes show displacement in mm. The 0
on the horizontal axes is around the time of the leveling survey closest to the time of the
first SAR image used. The deformation at those times is considered 0, and all subsequent
measurements are adjusted accordingly. The benchmark names are given in the plot
titles. The red triangles in each plot show the time series of vertical movements recorded
by leveling at the benchmark location, relative to the reference benchmark, S-1246. The
leveling surveys have been performed in June 2003, June 2004, June 2005, May 2006, Oc-
tober 2007, and March 2009. Some of the red triangles may be missing in a leveling time
series — this is when there is no measurement at this benchmark from the survey that
year.

The blue lines trace INSAR measurements at times marked with blue dots, according to
the dates of SAR data used in the analysis. The INSAR measurements are from PSIn-
SAR™ for RADARSAT in Appendices A and B and SBAS for ENVISAT in Appendices C
and D. These measurements are within 100 m (plots on the left) and 200 m (plots on the
right) from the individual benchmarks. Like the benchmark leveling measurements, the
InSAR measurements are referenced to S5-1246. In time, they are referenced to the first
one in the time series. In some cases, there are INSAR measurements within 200 m from
a benchmark, but none within 100 m, so the plots on the right do not have counterparts
on the left in these cases.

The solid red lines tracing the red triangles show the benchmark displacements pro-
jected onto the line-of-sight (LOS) direction to the satellite (dros), provided that the
benchmarks had only moved in the vertical direction (dv) and not in the horizontal di-
rection du =0). This makes it possible to compare the INSAR measurements with the leve-
ling ones. Thus, dros = dv*cosd, where d is the look angle. The reason these lines are very
close to the red triangles for ENVISAT ascending/descending and RADARSAT ascend-
ing, is because cosd in those cases is close to 1 (cosd = 0.93 for ENVISAT and 0.90 for
RADARSAT ascending), so that the displacement in the LOS direction is very close to
that in the vertical direction There is a larger difference for RADARSAT descending, be-
cause in that case the displacement in the LOS is less sensitive to vertical motion (cosd =
0.69).

The best fit between the INSAR measurements and the leveling data is seen in the RA-
DARSAT results. There are some good matches in the ENVISAT results as well, but the
noise level is much higher. This is likely due to the very challenging study area, the dif-
ferent PSI techniques used, and the methods used for post-processing. In the future it
should be possible to get results from ENVISAT that are comparable with those from
RADARSAT.
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Note that RADARSAT data collected over the study area are available from only two
years, April 2006-2008, while ENVISAT data are available since early 2003 and continue
to be collected.
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Appendix A. PS INSAR™ results from the RADARSAT ascending orbit data
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Appendix B. PSINSAR™ results from the RADARSAT descending orbit data
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Appendix C. SBAS results from the ENVISAT ascending orbit data
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